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FOREWORD 
The Visual  Performance Technical  Group of t h e  Human Fac to r s  Socie ty  (HFS) 
w a s  organized i n  October of 1978 a t  t he  Soc ie ty ' s  Annual Meeting. One of t he  
even t s  t h a t  had t r a n s p i r e d  e a r l i e r  and t h a t  con t r ibu ted  t o  t h e  th ink ing  of many 
of those  involved was t h e  1977 HFS t u t o r i a l  seminar organized by D r .  H. Zwahlen 
of Ohio Univers i ty  and D r .  Thomas Rockwell of Ohio S t a t e  Univers i ty  on the  sub- 
j e c t  of opera tor  scanning behavior.  Discussions i n  t h i s  t u t o r i a l  l e d  t o  t h e  
conclus ion  t h a t  i n s u f f i c i e n t  progress  was being made i n  developing a  body of 
theory  t o  desc r ibe  how ope ra to r s  v i s u a l l y  absorb information from d i s p l a y s  and 
exp la in  ope ra to r  scanning behavior.  Many of t h e  p a r t i c i p a n t s  i n  t h a t  1977 tu to-  
r i a l  a r e  now a c t i v e  members of t h e  Visua l  Performance Technical  Group. The con- 
c e r n s  expressed i n  t h e  1977 t u t o r i a l  seminar have, i n  p a r t ,  suppl ied  t h e  motiva- 
t i o n  t o  organize  these  t u t o r i a l  seminars on modelling of t h e  human opera tor  i n  a  
v i s i o n  dependent task .  
The focus  of t h e  Visua l  Performance Group i n  t h i s  modelling e f f o r t  is  on a  
submodel t o  r ep re sen t  how t h e  v i s u a l  system acqu i r e s  informat ion  from a  d i s p l a y  
o r  scene and how t h i s  process  c o n t r i b u t e s  t o  and i n t e r a c t s  wi th  t h e  o v e r a l l  
ope ra t ion  of t h e  system. Since opera tor  information a c q u i s i t i o n  does i n t e r a c t  
w i t h  the  o v e r a l l  c o n t r o l  of t h e  system, i t  is  c l e a r  t h a t  t he  v i s u a l  information 
channel  should be s tud ied  and modelled wi th in  t h e  context  of t h e  l a r g e r  frame- 
work of which i t  is  a  p a r t .  Therefore,  v i s u a l  performance r e sea rche r s  should 
be  cognizant  of t h e  s t r u c t u r e  of e x i s t i n g  l a rge - sca l e ,  computer-implemented 
models so  t h a t  t h e i r  r e sea rch  con t r ibu t ions  can be proper ly  i n t e g r a t e d  i n t o  
t h e  model s t r u c t u r e .  
NASA Langley Research Center ,  through i t s  Terminal Configured Vehicle  (TCV) 
program, is  engaged i n  r e sea rch  and development t o  improve a i r b o r n e  systems and 
o p e r a t i o n a l  procedures ,  w i t h  emphasis on te rmina l  a r e a  opera t ion .  A major a r e a  
of t h i s  r e sea rch  i s  t h e  proper i n t e g r a t i o n  of t he  p i l o t  a s  an i n t e g r a l  p a r t  of 
t h e  t o t a l  a i r c r a f t  system. Numerous simulator-based and f l i g h t  i n v e s t i g a t i o n s  
have been conducted i n  conjunct ion wi th  t h i s  r e sea rch  program t o  understand fac-  
t o r s  i n  t he  d i s p l a y  and c o n t r o l  systems which c o n t r i b u t e  t o  p i l o t  performance, 
workload, and o v e r a l l  system r e l i a b i l i t y  and s a f e t y .  It is  h igh ly  d e s i r a b l e  i n  
t h e  long term t o  i n t e g r a t e  t h e  r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  i n t o  a  theory- 
based model of t he  t o t a l  f l i g h t  system inc luding  the  p i l o t .  Such a model would 
b e n e f i t  t h e  program's f u t u r e  r e sea rch  e f f o r t s  by al lowing many s t u d i e s  t o  be 
made on an  a n a l y t i c a l  b a s i s  and reduce t h e  requirement f o r  ex t ens ive  empi r i ca l  
i n v e s t i g a t i o n s .  The model would a d d i t i o n a l l y  be a  c a t a l o g  of t h e  weal th  of 
in format ion  being acquired through t h e  r e sea rch  e f f o r t s  of t h i s  program. 
I n t e r e s t  i n  t h e  u s e  of computerized models i n  f l i g h t  management r e sea rch  
i s  no t  an  a l l  toge ther  new i d e a  a t  NASA Langley Research Center nor i n  t h e  TCV 
program. Some a p p l i c a t i o n s  of t h e  optimum c o n t r o l  model i n  d i s p l a y  r e s e a r c h  
have been pursued under c o n t r a c t  w i th  Bolt  Beranek and Newman, Inc.  Also, 
iii 
Langley has  sponsored an  e f f o r t  t o  develop a t ime l ine  a n a l y s i s  workload eval- 
u a t i o n  program under c o n t r a c t  w i t h  Boeing Company of S e a t t l e .  NASA's involve- 
ment i n  t h e s e  t u t o r i a l s  r e s u l t s  from i t s  cont inuing  i n t e r e s t  i n  t h e  use  of 
modelling techniques a s  a r e sea rch  too l .  
Two t u t o r i a l  seminars have been organized t o  cover r e l a t e d  t o p i c s  i n  t h i s  
f i e l d  of human f a c t o r s  research .  The f i r s t  s e s s ion ,  e n t i t l e d  "Modelling of t he  
Human Operator, ' '  is  a review of some of t h e  r e sea rch  and development conducted 
t o  d a t e  t o  model t h e  complete opera tor  func t ions  dur ing  v i s i o n  dependent t a sks .  
The second t u t o r i a l ,  e n t i t l e d  "Modelling of Visual  Information Processing,"  
w i l l  address  t h e  s t r u c t u r e  and d e t a i l s  of t he  submodels on v i s u a l  in format ion  
process ing  included i n  t h e  l a r g e  computerized models covered i n  t h e  f i r s t  tu to-  
r i a l .  Some a d d i t i o n a l  approaches t o  v i s u a l  information eva lua t ion  a r e  a l s o  
presented .  
Recognizing t h e  s i g n i f i c a n t  l e v e l  of e f f o r t  requi red  t o  develop such models, 
d i sseminat ion  of information on t h e  opera t ion  and c u r r e n t  s t a t u s  of e x i s t i n g  
models and t h e i r  a p p l i c a t i o n  t o  t h e  a r e a  of v i s u a l  performance r e sea rch  i s  the  
primary goa l  of t h e s e  t u t o r i a l s .  The two s u b j e c t  t u t o r i a l s  have been organized 
t o  p re sen t  a n  overview of work i n  t h e  human ope ra to r  and v i s i o n  informat ion  pro- 
ce s s ing  modelling a r e a s .  Some choices  had t o  be  made on what m a t e r i a l  t o  pre- 
s e n t  s i n c e  t h e  time allowed would no t  permit even a reasonable overview of a l l  
of t h e  known work i n  t h e s e  a r e a s .  It i s  a n t i c i p a t e d ,  however, t h a t  enough 
d e t a i l s  of t h e  modelling e f f o r t s  of t h e  s e l e c t e d  works w i l l  be included i n  the  
seminar t o  permit the  p a r t i c i p a n t s  t o  develop a r e a l i s t i c  concept of some of 
t h e  pragmatic cons ide ra t ions  involved i n  s e l e c t i n g  and us ing  a model of t h e  
human ope ra to r  i n  v i s i o n  dependent t a sks .  
Use of t r a d e  names o r  names of manufacturers i n  t h i s  r e p o r t  does n o t  con- 
s t i t u t e  an o f f i c i a l  endorsement of such products  o r  manufacturers ,  e i t h e r  
expressed o r  implied,  by t h e  National  Aeronautics and Space Administrat ion.  
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A SURVEY OF APPLIED PSYCHOLOGICAL SERVICES' 
MODELS OF THE HUMAN OPERATOR 
Ar thur  I. S i e g e 1  and J .  J a y  Wolf 
Applied P s y c h o l o g i c a l  S e r v i c e s ,  I n c .  
SUMMARY 
A h i s t o r i c a l  p e r s p e c t i v e  i s  p r e s e n t e d  i n  terms of t h e  major f e a t u r e s  and 
s t a t u s  of two f a m i l i e s  of computer s i m u l a t i o n  models developed by Applied Psy- 
c h o l o g i c a l  S e r v i c e s  i n  which t h e  human o p e r a t o r  p l a y s  t h e  pr imary r o l e .  Both 
t a s k  o r i e n t e d  and message o r i e n t e d  models a r e  inc luded .  
Two o t h e r  r e c e n t  e f f o r t s  a r e  summarized which d e a l  w i t h  v i s u a l  i n f o r m a t i o n  
p r o c e s s i n g .  They i n v o l v e  n o t  whole model development b u t  a  f a m i l y  of subrou- 
t i n e s  customized t o  add t h e  human a s p e c t s  t o  e x i s t i n g  models. 
A g l o b a l  diagram of t h e  g e n e r a l i z e d  model deve lopment /va l ida t ion  p r o c e s s  
i s  p r e s e n t e d  and r e l a t e d  t o  15 c r i t e r i a  f o r  model e v a l u a t i o n .  
INTRODUCTION 
Our g o a l  i n  t h i s  r e p o r t  i s  t o  d i s t i l l  t h e  e s s e n c e  of over  2 1  y e a r s  of con- 
t i n u o u s  e f f o r t  a t  Appl ied P s y c h o l o g i c a l  S e r v i c e s  t o  develop and v a l i d a t e  d i g i t -  
a l  computer models. Our pr imary a r e a  of c o n c e n t r a t i o n  h a s  been t h e  emula t ion  
of sys tems i n  which t h e  key e lement  i s  t h e  human who o p e r a t e s  a n d / o r  m a i n t a i n s  
equipment sys tems.  Over 30 p r o j e c t s  ( c o n t r a c t s )  have been devoted t o  t h e  e f -  
f o r t s  r e p o r t e d  and t h e  models have been a p p l i e d  t o  sys tems f o r  a l l  of t h e  m i l i -  
t a r y  s e r v i c e s  a s  w e l l  a s  NASA and i n d u s t r y .  
The models a r e  summarized i n  t h r e e  f a m i l i e s  as o u t l i n e d  i n  Tab le  1. Three 
I I  t a s k  o r i e n t e d  models'' were developed t o  s i m u l a t e  man-machine sys tems.  T h e i r  
major  d i s t i n g u i s h i n g  f e a t u r e  i s  t h e  s i z e  of t h e  crews which t h e y  s i m u l a t e .  They 
a l l  o p e r a t e  on i n p u t  d a t a  d e s c r i b i n g  a  l i s t  of t a s k s  o r  s u b t a s k s  which t h e  oper- 
a t o r ( ~ )  o r  groups  of o p e r a t o r s  perform. Each t a s k  i s  s i m u l a t e d  s e q u e n t i a l l y  by 
t h e  l o g i c  of t h e  model implemented by a  computer program s o  a s  t o  a l l o w  o p e r a t o r s  
t o :  work independen t ly  o r  t o g e t h e r ,  w a i t  f o r  each o t h e r ,  t a l k  t o  each  o t h e r ,  
moni tor  and o p e r a t e  c o n t r o l s  and d i s p l a y s ,  w a i t  f o r  equipment,  s k i p  n o n e s s e n t i a l  
s u b t a s k s  i f  t h e  o p e r a t o r s  a r e  busy,  make d e c i s i o n s  which can a l t e r  t h e  s u b t a s k  
sequence,  r e c y c l e  i f  r e q u i r e d  i n  t h e  e v e n t  of an  o p e r a t o r  f a i l u r e ,  become par-  
t i a l l y  o r  comple te ly  i n c a p a c i t a t e d ,  and respond t o  unexpected f a i l u r e s  and emer- 
g e n c i e s .  
The major  a t t r i b u t e  of t h e  two models i n  t h e  second f a m i l y  i s  t h a t  t h e y  
t r a c k  each  message i n  a  communications system. Embedded i n  e a c h  of t h e s e ,  how- 
e v e r ,  i s  a  t a s k  o r i e n t e d  module--a m i n i a t u r e  of t h e  f i r s t  model f a m i l y .  
T a b l e  1 
Model F a m i l i e s  
Family Family Name Models 
I Task O r i e n t e d  Models One-two Man Model 
I n t e r m e d i a t e  C r e w  Piodel 
Large Group Model 
I I Message O r i e n t e d  Models T a c t i c a l  Opera t ions  Message Handling 
F i e l d  E x e r c i s e  Moni tor ing 
I I L  Human O r i e n t e d  S u b r o u t i n e s  T a r g e t  D e t e c t i o n  & C l a s s i f i c a t i o n  
f o r  Models F a c i l i t y  Defense Combat 
The paper a l s o  desc r ibes  two r ecen t  e f f o r t s  no t  d i r e c t e d  a t  development of 
an e n t i r e  model--because t h e  model i n  ques t ion  had a l ready  been developed. I n  
t h e s e  cases ,  i t  was r e a l i z e d  a f t e r  model completion t h a t  t he  human a s p e c t s  were 
no t  adequate ly  s imulated.  A s  a r e s u l t ,  a  group of subrout ines  was developed t o  
add the  r ea l i sm of a  human element i n  t a s k s  such a s  scan ,  d e t e c t i o n ,  and t a r g e t  
c l a s s i f i c a t i o n .  
A l l  of t hese  models were designed f o r  u se  i n  s imula t ing  d i f f i c u l t  o r  un- 
t r i e d  missions--those i n  which t h e  ope ra to r ' s  phys i ca l  and mental l i m i t a t i o n s  
may p lay  an  important p a r t  i n  t he  a b i l i t y  of t he  man-machine system t o  perform 
i t s  func t ion .  The conceptual  design of each member of each model was based on 
our  unwavering b e l i e f  t h a t  human behavior i n  a  dynamic environment cannot be  
v a l i d l y  represented  by d e t e r m i n i s t i c  methods. L a s t ,  t h e  paper d i scusses  model 
v a l i d a t i o n  and a  s e t  of v a l i d a t i o n  c r i t e r i a .  
FAMILY OF TASK ORIENTED MODELS 
Consider f i r s t  t h e  family of t a s k  o r i e n t e d  models--the mainstay i n  our  a r -  
s e n a l  of s imula t ion  t o o l s .  
A l l  models i n  t h i s  family were prepared t o  s imula te  men ope ra t ing  and/or  
maintaining equipment. A l l  have major s imula t ion  v a r i a b l e s  t o  r e f l e c t  t h e  re-  
a l i t i e s  of t h e  equipment, t h e  mission i t s e l f ,  and one o r  more important t ime 
func t ions .  Yet they  a l l  possess ,  i n  a d d i t i o n  (and t h i s  r e p r e s e n t s  t h e i r  d i s -  
t i n c t i v e  f e a t u r e ) ,  psychological  and s o c i a l  v a r i a b l e s  p e r t a i n i n g  t o  t h e  ope ra to r  
o r  t o  groups of opera tors .  Examples of t hese  a r e  s t r e s s ,  o r i e n t a t i o n ,  p r o f i -  
c iency ,  mental  load,  and f a t i g u e .  F l e x i b i l i t y  i n  s imula t ion  i s  provided i n  t h e  
models through t h e  a b i l i t y  t o  a l low paramet r ic  v a r i a t i o n  of such f a c t o r s  a s  t h e  
speed of the  ope ra to r s ,  t h e i r  s t r e s s  breaking p o i n t s ,  and mission time l i m i t s .  
I n  a d d i t i o n  t o  t h e  more common o r  system o r i e n t e d  r e s u l t s  such a s  equipment re-  
l i a b i l i t y ,  working hours ,  and ope ra to r  f a i l u r e s  which one has come t o  expect  
from computer models, t h e s e  t h r e e  models gene ra t e  d a t a  on personnel  performance, 
morale ,  cohesiveness ,  goal  o r i e n t a t i o n ,  and man-machine system e f f i c i e n c y .  A l l  
y i e l d  computer ou tput  t a b u l a t i o n s  r e f l e c t i v e  of t h e  man-machine system under 
s tudy  i n  o rde r  t o  p r e d i c t  system "performance," personnel  over loads ,  pe r iods  of 
unusual s t r e s s  and excess ive  de lays ,  d i s t r i b u t i o n s  of how mission time i s  spen t ,  
a  v a r i e t y  of end-of-mission cond i t i ons ,  and imp l i ca t ions  of manning s t r a t e g i e s .  
The p r i n c i p a l  f e a t u r e s  and d i f f e r e n c e s  between t h e  t h r e e  models a r e  shown 
i n  Table 2. 
The 1-2 man model ( t h e  f i r s t  e n t r y )  s imu la t e s  une o r  two ope ra to r s  and ac- 
commodates up t o  300 ind iv idua l  a c t i o n s  by each ope ra to r .  Each such ope ra to r  
a c t i o n  which would r e q u i r e  a  few seconds o r  minutes of ope ra to r  performance i s  
s imulated by t h e  computer i n  about 3 mil l i s econds .  Consequently, 100 computer 
i t e r a t i o n s  of a  maximum t a s k  (300 a c t i o n s  f o r  each ope ra to r )  take  about two t o  
f o u r  minutes of computer time. 
I n  t h e  in te rmedia te  model, a  crew of up t o  20 men may be s imulated.  It 
handles  t h e  case  of multi-day missions i n  which t h e  t imes of i n d i v i d u a l  even t s  
Table 2 
NAME 
One-Two Man Model 
Intermediate C r e w  
Large Group 
Major F e a t u r e s  of  the  Task Oriented Models 
Number of Duration of  Duration of Number of 
Personnel Simulated Mission Tasks, Events Tasks, Events 
1-2 minutes ,  hours  seconds ,  minu tes  up t o  300 
3-20 a few days tenths of hours  80 p e r  day 
20-100 many days t e n t h s  of hours ,  hours  100 p e r  day 
a r e  measured i n  minu tes  o r  hours .  T h i s  i s  accomplished by p r o c e s s i n g  t a s k s  per-  
formed by g roups  of one o r  more men. Here, t h e  computer s i m u l a t e s  each  of t h e s e  
l o n g e r  e v e n t s  i n  abou t  20 m i l l i s e c o n d s .  I n  t h i s  c a s e ,  100 i t e r a t i o n s  of a  max- 
imum m i s s i o n  (80 crew e v e n t s  p e r  day) f o r ,  s a y ,  a f i v e  day m i s s i o n ,  t a k e  abou t  
1 0  t o  15 minu tes  of computer t i m e .  
I n  t h e  l a r g e s t  model, a  crew of from 20 t o  a s  many a s  100 men may be simu- 
l a t e d .  The miss ion  is composed of work u n i t s  which may be minu tes  o r  hours  i n  
d u r a t i o n  and t h e  t o t a l  m i s s i o n  may l a s t  f o r  s e v e r a l  dozen days .  The l i m i t  h e r e  
i s  p r i n c i p a l l y  a  p r a c t i c a l  one based on computer runn ing  t ime.  
Tab le  3 i t e m i z e s  t h e  p r i n c i p a l  c o n c e p t s  of t h e  t a s k  o r i e n t e d  models. The 
e lements  i n  t h e  t a b l e  a r e  p r e s e n t e d  p r i n c i p a l l y  t o  i n d i c a t e  t h e  scope  of models,  
L i s t e d  under  "Major Human F e a t u r e s  and V a r i a b l e s "  a r e  t h e  t y p e s  of f u n c t i o n s  t h e  
model can  h a n d l e ,  i . e . ,  t h e  p r i n c i p a l  v a r i a b l e s  i t  c o n s i d e r s .  The o p e r a t o r -  
o r i e n t e d  v a r i a b l e s  s e l e c t e d  f o r  i n c o r p o r a t i o n  i n t o  t h e  models a r e  t h o s e  which 
p s y c h o l o g i s t s  have determined t o  be  i n f l u e n t i a l  on t h e  performance of a n  i n d i -  
v i d u a l  o r  of a  c l o s e d  s o c i a l  group. L i s t e d  under  " P r i n c i p a l  Parameters"  a r e  t h e  
i t e m s  t h a t  t h e  sys tems  a n a l y s t  who i s  u s i n g  t h e  model can  vary- - tha t  is ,  he  can 
s e l e c t  v a l u e s  f o r  each  paramete r  f o r  each computer run  of t h e  model. Under "Ma- 
j o r  o u t p u t s "  t h e  p r i n c i p a l  c a t e g o r i e s  of p r i n t e d  computer o u t p u t  a r e  shown. 
THC ONE-TWO MAN MODEL 
T h i s  1-2 man model h a s  been i n  a c t i v e  u s e  f o r  a lmos t  two decades .  It h a s  
been t e s t e d  a g a i n s t  r e a l  l i f e  and a g a i n s t  l a b o r a t o r y  c o n t r o l l e d  c r i t e r i a ,  and 
h a s  found t o  g i v e  r e a s o n a b l e ,  i n t e r e s t i n g ,  and v a l u a b l e  r e s u l t s .  
The major  r e s u l t s  from u s i n g  t h i s  model a r e :  
@ t h e  p r o b a b i l i t y  of success - - tha t  i s ,  t h e  p e r c e n t a g e  of t i m e s  
t h a t  t h e  p r e s c r i b e d  sequence of s u b t a s k s  was completed wi th-  
i n  t h e  t ime l i m i t .  
t h e  shape  of t h e  s t r e s s  f u n c t i o n  d u r i n g  t h e  s i m u l a t i o n .  
@ t h e  d i s t r i b u t i o n  of t i m e  s p e n t  working,  w a i t i n g ,  and 
i n  r e p e a t i n g  work n o t  p r o p e r l y  performed. 
T h i s  model i s  s t i l l  i n  a c t i v e  u s e  by a v a r i e t y  of government and commer- 
c i a l  u s e r s .  S e v e r a l  a p p l i c a t i o n s  have been made by t h e  o r i g i n a t o r s  and many by 
o t h e r s  i n c l u d i n g  l a n d i n g  a n  a i r c r a f t  on an  a i r c r a f t  c a r r i e r ,  l a u n c h i n g  an a i r -  
t o - a i r  m i s s i l e ,  an i n f l i g h t  i n t e r c e p t  of a n  enemy a i r c r a f t ,  and s i m u l a t i o n  of 
a n  i n f l i g h t  r e f u e l i n g  o p e r a t i o n .  These r e p r e s e n t  b o t h  one and two o p e r a t o r  s i m -  
u l a t  ions .  
A p r e p r o c e s s o r  program h a s  been developed which y i e l d s  a n o t h e r  v e r s i o n  of 
t h e  model. It c a l c u l a t e s  a d j u s t m e n t s  t o  d a t a  normal ly  p rov ided  a s  model i n p u t  
p r i o r  t o  s i m u l a t i o n .  I n  t h i s  c a s e ,  t h e  e f f e c t  of r a d i a t i o n  exposure  on perform- 
a n c e  t i m e  and s u c c e s s  p r o b a b i l i t y  i s  determined f o r  man and /or  machine degrada- 
t i o n .  
Table 3 
Features  of t h e  Task Oriented Models 
NAME 1-2 Man Model In te rmedia te  Crew Large Group 
Major Human Fea- p ro f i c i ency  p ro f i c i ency  
t u r e s  and Vari- t i m e  s t r e s s  time s t r e s s  & men- 
a b l e s  t a l  load  
cohesiveness  f a t i g u e  & s l e e p  
d e c i s i o n  making p h y s i c a l  c a p a b i l i t y  
i n t e l l i g e n c e  
l e a r n i n g  
a s p i r a t  ion  
supe rv i so r s  expecta- 
t i o n  
s i cknes s / i ncapac i ty  
p r o f i c i e n c y  
t i m e  s t r e s s  
f a t i g u e  
norms & goa l s  
cohesiveness  
s o c i a l  p r e s su re  
l e a r n i n g  
morale 
P r i n c i p a l  Equip- r e l i a b i l i t y  r e l i a b i l i t y  ( f a i l -  r e , l i a b i l i t y  
ment/Environment u re s )  
Va r i ab l e s  & Fea- equipment re- emergencies emergencies 
t u r e s  sponse communications communications 
t a s k  postponement t a s k  postponement 
consumables consumables 
hazard l e v e l  mean t i m e  t o  r e p a i r  
Major Outputs success  probabi l -  
i t y  
s t r e s s  p r o f i l e  
work, i d l e ,  f a i l -  
u r e  t ime 
performance 
t a s k  r e p e t i t i o n  
t i m e  
t a s k s  f a i l e d ,  ig-  
nored 
success  probabi l -  
i t y  
s t r e s s  p r o f i l e  
work, r e p a i r ,  i d l e ,  
f a i l u r e  t i m e  
MTBF, MTTR, ava i la -  
b i l i t y  
performance adequa- 
c  Y 
t a s k s  f a i l e d ,  ig-  
nored 
P r i n c i p a l  Para- ope ra to r  time l i m -  
meters  i t s  
ope ra to r  stress ope ra to r  s t r e s s  
t h r e sho ld  th reshold  
ope ra to r  individu-  crew work pace 
a l i t y  f a c t o r  
nuc l ea r  r a d i a t i o n  work day l eng th  
dose 
acceptab le  perform- 
ance l e v e l  
crew q u a l i f i c a t i o n  
l e v e l  
success  probabi l -  
i t y  
crew e f f i c i e n c y  
morale 
t a s k s  f a i l e d ,  ig -  
nored 
work, i d l e ,  f a i l u r e ,  
r e p a i r  t i m e  
crew s i z e ,  increment 
ope ra to r  p ro f i c i ency  
ope ra to r  s t r e s s  
t h r e sho ld  
accep tab l e  perform- 
ance l e v e l  
work hours  pe r  day 
crew composition 
Appl ica t ion  
Current  Use 
a i r c r a f t  landing USCG P a t r o l  Gunboat FBM submarine 
s t a t i o n a r y  under- 
water  s t a t i o n  
i n f l i g h t  i n t e r c e p t  AN/SQS-76  Sonar nuc lear  m i s s i l e  
sonar  
i n f l i g h t  r e f u e l i n g  
m i s s i l e  launching 
The 1-2 man model was a l s o  adapted f o r  subject-to-computer dynamic, on-l ine 
i n t e r a c t i o n .  Here, t he  model s imula tes  t he  performance of perceptual-motor a c t s  
and r o u t i n e  ope ra t ions  whi le  one o r  two s u b j e c t s ,  who a r e  s ea t ed  a t  independent 
g raph ic  video d i sp l ay  te rmina ls ,  p,erform s e l e c t e d  t a s k  elements.  
THE INTERMEDIATE CREW SIZE MODEL 
I n  t h e  in te rmedia te  crew s i z e  model, a crew of up t o  20 men and multi-day 
miss ions  may be s imulated.  
The model, which is  heav i ly  group o r i e n t e d ,  i nc ludes  t h e  use  of s e v e r a l  
t ypes  of s t a t i s t i c a l  d i s t r i b u t i o n s .  For example, numbers a r e  drawn from an ex- 
ponen t i a l  d i s t r i b u t i o n  t o  determine the  t ime(s)  t h a t  equipment f a i l u r e s  a r e  t o  
be imposed, from a r ec t angu la r  d i s t r i b u t i o n  t o  determine placement of t h e  emer- 
genc ies  i n  t h e  l i s t  of events  each day, from a normal d i s t r i b u t i o n  f o r  e s t ima te s  
of mean performance time, and from a poisson  d i s t r i b u t i o n  t o  s e l e c t  t he  number 
of days du ra t ion  of s i ckness  of opera tors .  The gene ra l  s imula t ion  sequence is :  
Crew formation--The model i d e n t i f i e s  each crew member 
and a s s igns  a va lue  f o r  speed, a s p i r a t i o n ,  and competence. 
e Daily schedule generation--This is  done by i n t e r s p e r s i n g  
prearranged mission events  wi th  unforeseen r e p a i r s  and 
emergencies. 
Personnel  assignment f o r  each event  sequentially--Here, 
t he  model s e l e c t s  an i n d i v i d u a l  man o r  a group of men t o  
accomplish t h e  work of each even t ,  ignor ing  even t s  depend- 
i ng  on t h e  e s s e n t i a l i t y  of t h e  events  and o the r  f a c t o r s .  
The l e a d e r  of t h e  group i s  a l s o  assigned.  
Event s imula t ion- -Ca lcu la t ion  of c o n d i t i o n s  e x i s t i n g  
p r i o r  t o  t h e  e v e n t ,  and how w e l l  and how q u i c k l y  t h e  
a s s i g n e d  men accomplish  t h e  work e v e n t ,  and s e l e c t i o n  
of t h e  n e x t  c o u r s e  of a c t i o n .  
Update--Modification of t h e  numer ica l  s t a t u s  of psycho- 
s o c i a l  and o t h e r  v a r i a b l e s  as a r e s u l t  of group perform- 
ance.  
@ Output--Selection and p r i n t i n g  t h e  v a l u e  of key v a r i a b l e s  
and summarizing end c o n d i t i o n s  f o r  each e v e n t ,  e a c h  day,  
each m i s s i o n  i t e r a t i o n ,  and a summary of a l l  i t e r a t i o n s .  
The i n t e r m e d i a t e  model was t e s t e d  t o  a s s e s s  i t s  s e n s i t i v i t y  and t o  e s t i -  
mate  i t s  v a l i d i t y - - t h a t  i s ,  t h e  e x t e n t  t o  which t h e  mode l ' s  o u t p u t  a g r e e s  w i t h  
independent  c r i t e r i o n  d a t a .  The m i s s i o n  s e l e c t e d  f o r  s i m u l a t i o n  was t h a t  of a n  
82-foot U.S. Coast  Guard b o a t  r e s p o n s i b l e  f o r  p a t r o l  of Vietnamese w a t e r s .  T h i s  
four-day m i s s i o n  invo lved  a heavy s c h e d u l e  of i n v e s t i g a t i n g  v a r i o u s  r i v e r  c r a f t ,  
board ing  a s u s p e c t e d  b o a t  f o r  s e a r c h  o p e r a t i o n s ,  n a v i g a t i o n ,  s t e e r i n g ,  e n g i n e  
moni to r ing ,  c leanup ,  c l e r i c a l  work, p r e v e n t i v e  maintenance,  a d m i n i s t r a t i v e  du- 
ties, meal p r e p a r a t i o n  and eating--60 t o  65 e v e n t s  i n  a l l .  
T h i s  model h a s  been i n  a lmos t  con t inuous  u s e  s i n c e  i t s  i n i t i a l  development 
and v a l i d a t i o n  i n  1969. It h a s  been improved by deve lop ing  a v e r s i o n  which s i m -  
u l a t e s  equipment,  human, and system r e l i a b i l i t y  o r i e n t e d  c a l c u l a t i o n s .  As a 
r e s u l t ,  t h e  model y i e l d s  a number of o u t p u t  numerics  b e l i e v e d  t o  p o s s e s s  consid- 
e r a b l e  r e l e v a n c e  t o  human and system a v a i l a b i l i t y  and r e l i a b i l i t y  p r e d i c t i o n .  
These i n c l u d e :  human r e l i a b i l i t y ,  a v a i l a b i l i t y ,  and MTTR; equipment r e l i a b i l i t y ,  
a v a i l a b i l i t y ,  MTTR, and MTBF; and system r e l i a b i l i t y ,  a v a i l a b i l i t y ,  and MTTR. 
T h i s  u s e  advances  t h e  r o l e  of t h e  r e l i a b i l i t y  e n g i n e e r  from t h a t  of a n  a c t u a r i a l  
t o  t h a t  of a t r u e  sys tem d e s i g n e r  o r  sys tem d e s i g n  a d v i s o r  who p r o v i d e s  a n  ac- 
t i v e  and ongoing c o n t r i b u t i o n  t o  t h e  t o t a l  sys tem d e s i g n  and e f f e c t i v e n e s s  as-  
s u r a n c e  p r o c e s s .  
T h i s  model was a l s o  t h e  s u b j e c t  of a s e t  of p a r a m e t r i c  computer r u n s  f o r  
t h e  purpose  of deve lop ing  a set of human t r a d e o f f  curves .  These were  p u b l i s h e d  
t o  show, i n  handbook fo rmat  f o r  d e s i g n  e n g i n e e r i n g  u s e ,  t h e  r e l a t i v e  impact  of 
some human o r i e n t e d  v a r i a b l e s  on system performance. 
THE LARGE GROUP MODEL 
I n  t h e  l a r g e  group model, t h e  m i s s i o n  is  composed of work u n i t s ,  each  of 
which may be  minu tes  o r  h o u r s  i n  d u r a t i o n ,  and t h e  t o t a l  m i s s i o n  may l a s t  f o r  
s e v e r a l  dozen days.  S i n c e  t h i s  model is  concerned w i t h  group performance,  t h e  
i n p u t s  t o  t h e  model a r e  p r i n c i p a l l y  concerned w i t h  group o r i e n t e d  v a r i a b l e s  sa- 
l i e n t  t o  behav ior .  I n  t h i s  mode, v a r i a b l e s  such  a s  crew mora le ,  c o h e s i v e n e s s ,  
o p e r a t o r  o r i e n t a t i o n ,  p r o f i c i e n c y ,  performance t i m e ,  over t ime ,  communications,  
s i c k n e s s ,  and system e f f e c t i v e n e s s  a r e  computed. 
I n  t h e  u s e  of t h i s  model, we conceive  of s u p e r v i s o r s  and workers  who to- 
g e t h e r  form a  r e l a t i v e l y  l a r g e  crew. I n  t h e  performance of each j o b ,  t h e  com- 
p u t e r  " s e l e c t s "  t h e  p roper  number of a p p r o p r i a t e l y  s k i l l e d  men t o  form a  group 
who "accomplishes" t h e  work i n  a t ime and under o t h e r  c o n d i t i o n s  which a r e  numer- 
i c a l l y  c a l c u l a t e d .  
The l a r g e  group model i s  t h e  o n l y  one of t h e  f a m i l y  i n  which t h e  computer 
i s  programmed t o  c a l c u l a t e  t h e  crew s i z e .  T h i s  is  an  o p t i o n a l  f e a t u r e  s o  t h a t  
s i m u l a t i o n  r u n s  can be made w i t h  t h e  crew composi t ion p r e s p e c i f i e d ,  o r  i f  l e f t  
u n s p e c i f i e d ,  s i m u l a t i o n  w i l l  be  i n i t i a t e d  w i t h  what is  c o n s i d e r e d  a  minimum crew 
as determined by t h e  l o g i c  of t h e  model. Then a d d i t i o n a l  s i m u l a t i o n s  a r e  per-  
formed success ively--each t ime w i t h  a  l a r g e r  crew. For  e a c h  i n c r e a s e ,  t h e  com- 
p u t e r  s e l e c t s  t h e  most needed can o r  men t o  be added t o  t h e  crew. T h i s  p r o c e s s  
c o n t i n u e s  u n i n t e r r u p t e d  u n t i l  a  p r e s e t  p a r a m e t r i c  l i m i t  on crew s i z e  is exceed- 
ed,  o r  u n t i l  t h e  crew r e a c h e s  a  s i z e  which e l i m i n a t e s  t h e  need f o r  over t ime  work. 
S e n s i t i v i t y  r u n s  made on t h i s  model were based on a p p l i c a t i o n  t o  a  f l e e t  
b a l l i s t i c  m i s s i l e  submarine. A  s e r i e s  of 10 day m i s s i o n s  w a s  s i m u l a t e d  w i t h  
crew s i z e s  which ranged from 33 t o  44 men working a t  f i v e  s t a t i o n s ,  u s i n g  ac tu -  
a l  d a t a  a v a i l a b l e  d u r i n g  t h e  FBM p lann ing  s t a g e .  The model was run through 
c r u i s e  o p e r a t i o n s ,  s t a t i o n a r y  submerged o p e r a t i o n s ,  and emergency d r i l l s  which 
a r e  r e p r e s e n t a t i v e  of t y p i c a l  m i s s i o n s .  The r e s u l t s  compared f a v o r a b l y  w i t h  
a c t u a l  system m i s s i o n  d a t a .  I n  p a r t i c u l a r ,  p r e d i c t i o n s  from t h e  model of sys -  
tem e f f e c t i v e n e s s ,  i n  t h e  composi t ion of t h e  crew, and i n  i t s  p r o f i c i e n c y  agreed  
v e r y  w e l l  w i t h  q u a n t i t a t i v e  d a t a  a s  w e l l  a s  q u a l i t a t i v e  o p i n i o n  summarized from 
i n t e r v i e w s  w i t h  o f f i c e r s  of FBM submarines.  
O p e r a t i o n a l  v a l i d a t i o n  of t h i s  model was completed u s i n g  d a t a  from under- 
s e a s  c r a f t  of t h e  627 c l a s s  of submarines.  Numerous computer s i m u l a t i o n s  of a  
21-day m i s s i o n  were made w i t h  crew s i z e s  v a r y i n g  from 48 t o  61. 
It i s  no ted  t h a t  t h i s  model r e q u i r e s  e x t e n s i v e  d a t a  i n p u t ,  and p o s s i b l y ,  as 
a  r e s u l t ,  t h i s  i s  t h e  o n l y  model of t h e  t h r e e  t a s k  o r i e n t e d  models which h a s  
had no r e c e n t  a c t i v i t y .  
MESSAGE ORIENTED MODELS 
Two models were developed t o  s i m u l a t e  t h o s e  a s p e c t s  of sys tems whose p r i -  
mary purpose  i s  t h e  o p e r a t i o n a l  h a n d l i n g  of messages.  These models keep t r a c k  
of e a c h  message t e x t  p rocessed  i n  t h e  sys tem and a l s o  s i m u l a t e  t h e  a c t s  and be- 
h a v i o r s  of o p e r a t i o n s  p e r s o n n e l  a s  t h e y  r e c e i v e ,  p r i o r i t i z e ,  code,  and e n t e r  
messages i n  t h e  sys tem,  The models a r e  comple te ly  g e n e r a l  and a l l o w  f o r  t h e  
s i m u l a t i o n  of p e r s o n n e l  of d i f f e r e n t  competencies  and s t r e s s  t o l e r a n c e s ,  a l o n g  
w i t h  a  v a r i a t i o n  i n  message l o a d  and c o n t e n t .  
These models combine t h e  e f f e c t s  of such  f e a t u r e s  a s  message g e n e r a t i o n  
and queuing,  d e t a i l e d  message p r o c e s s i n g  p rocedure ,  e r r o r  r a t e s ,  and p e r s o n n e l  
c h a r a c t e r i s t i c s ,  a l o n g  w i t h  s t o c h a s t i c  v a r i a t i o n s  t o  y i e l d  p r e d i c t i o n s  of sys-  
tem performance.  As i n  t h e  t a s k  o r i e n t e d  f a m i l y ,  t h e  b a s i c  n a t u r e  of b o t h  mod- 
e l s  i s  s t o c h a s t i c .  A s  a  r e s u l t ,  a number of r e p e t i t i o n s  i s  r e q u i r e d  t o  produce 
a  s t a b l e  r e s u l t .  
Along w i t h  t h e  s i m u l a t i o n  of human message p r o c e s s i n g ,  t h e  models i n c l u d e  
t h e  s i m u l a t i o n  of t h e  computer embedded i n  each  of t h e  t a r g e t  sys tems.  Some 
g l o b a l  i n f o r m a t i o n  abou t  b o t h  of t h e  message p r o c e s s i n g  models i s  g i v e n  i n  Ta- 
b l e  4. Both models h a n d l e  m u l t i p l e  message t y p e s  of v a r y i n g  p r i o r i t i e s .  
The f i r s t  of  t h e  models,  i n i t i a t e d  i n  1972, was d i r e c t e d  t o  t h e  s i m u l a t i o n  
of message p r o c e s s i n g  w i t h i n  t h e  T a c t i c a l  O p e r a t i o n s  System. TOS i s  a n  auto-  
mated, s e c u r e  i n f o r m a t i o n  p r o c e s s i n g  system des igned  t o  a s s i s t  m i l i t a r y  command- 
ers and t h e i r  s t a f f s  a t  F i e l d  Army, Corps,  and D i v i s i o n  l e v e l s  i n  t h e  conduct 
of t a c t i c a l  o p e r a t i o n s .  
There  a r e  up t o  f o u r  sequences  of t a s k  e lements  p rov ided  t o  r e p r e s e n t  t h e  
t a s k s  execu ted  by an  o p e r a t o r  i n  performing h i s  d u t i e s .  Each sequence h a s  t h e  
c a p a c i t y  of up t o  20 t a s k  e lements .  The model h a n d l e s  up t o  6 men of  2  t y p e s ,  
4 t y p e s  of o p e r a t o r  e r r o r s ,  7 t y p e s  of messages,  4 message p r i o r i t y  c l a s s i f i c a -  
t i o n s ,  and a  s h i f t  l e n g t h  of up t o  12 hours .  
At t h e  s tar t  of s i m u l a t i o n  f o r  a  new TOS s h i f t ,  a back log  s u b r o u t i n e  gen- 
e r a t e s  d a t a  r e p r e s e n t i n g  messages i n  t h e  a c t i o n  o f f i c e r ' s  "in-box" a t  t h e  s t a r t  
of e a c h  i t e r a t i o n .  A message g e n e r a t i o n  s u b r o u t i n e  deve lops  d a t a  r e p r e s e n t i n g  
messages which w i l l  a r r i v e  d u r i n g  t h e  coming hour .  These a r e  merged w i t h  t h e  
back log  i n  o r d e r  by t ime of a r r i v a l ,  and e a c h  message of t h i s  h o u r l y  message 
queue is  processed  i n  t u r n  by a  s i n g l e  s e l e c t e d  o p e r a t o r .  The o p e r a t o r  stress 
and a s p i r a t i o n  c o n d i t i o n s  a p p l i c a b l e  t o  t h a t  s i t u a t i o n  a r e  c a l c u l a t e d  n e x t .  
The d e t a i l e d  t a s k  element-by-task e lement  s i m u l a t i o n  f o r  t h e  message and opera- 
t o r  s e l e c t e d  is  accomplished by a  s u b r o u t i n e  which m a n i p u l a t e s  m i s s i o n  t a s k  an- 
a l y s i s  d a t a  i n  a  way v e r y  similar t o  t h a t  used i n  t h e  1-2 man model d e s c r i b e d  
e a r l i e r .  
Output  from t h e  model i n c l u d e s  d e t a i l e d  and summary t a b u l a t i o n s  i n c l u d i n g  
an  h o u r l y  summary, s h i f t  summary, and r u n  summary. 
The s i m u l a t i o n  r u n  summary i n c l u d e s  s e c t i o n s  f o r  manpower u t i l i z a t i o n ,  mes- 
s a g e  p r o c e s s i n g  t ime ,  o v e r a l l  e f f i c i e n c y  i n d i c a t o r ,  workload summary, and e r r o r  
summary. I n  t h i s  form, t h e  o r i g i n a l  s e n s i t i v i t y  t e s t s  were run ,  and t h e  model 
was v a l i d a t e d  a g a i n s t  a  s e t  of e r r o r  d a t a  c o l l e c t e d  from a n  independen t  source .  
A h i g h  d e g r e e  of correspondence w i t h  t h e  independent  d a t a  w a s  found. 
I n  a  follow-on e f f o r t ,  t h e  model was modi f i ed  t o  o p e r a t e  i n  a n  i n t e r a c t i v e  
t ime s h a r i n g  mode, a l l o w i n g  t h e  exper imente r  and one o r  more s u b j e c t s  t o  i n t e r a c t  
i n  a   conversational" mode w i t h  t h e  model and t o  e n t e r  d a t a  "on l i n e . "  Var ious  
e x t e n s i o n s  of t h e  o r i g i n a l  model were a l s o  made a t  t h i s  t ime.  A  v a r i a n t  of t h e  
o r i g i n a l  model was a l s o  i n c l u d e d  which a l lowed c o l l e c t i o n  of d a t a  d u r i n g  a n  ex- 
per iment  i n  which one o r  more a c t u a l  o p e r a t o r s  performed a  p a r t  of t h e  p r o c e s s  
and t h e  computer s i m u l a t e d  t h e  remainder  of t h e  TOS a c t i v i t y .  
More r e c e n t l y ,  t h e  TOS model was adap ted  f o r  t h e  UNIVAC 1108 computer,  and 
s e v e r a l  new c a p a b i l i t i e s  were added which i n c r e a s e  t h e  r e a l i s m  of t h e  s i m u l a t i o n .  
It was modi f i ed  t o  exchange d a t a  w i t h  two o t h e r  independent  Army computer models 
Table 4 
Description of Message Handling Models 
System Simulated Tactical Operational Military Exercise control/ 
Sys tem Evaluation System 
Program Name MANMOD 
Maximum Number of Men 
Simulated 6 
Types of Personnel 2 
Major Input Parameters Shift Length 
Number of Personnel 
Error Rates 
Operator Characteristics 
Speed 
Precision 
Aspiration 
Stress 
Message Characteristics 
Major Output System Effectiveness 
Time Worked 
Operator Stress, Aspira- 
tion 
Message Processing Sta- 
tistics 
Errors 
Shift Length 
Number of Personnel 
Error Rates 
Operator Characteristics 
Speed 
Precision 
Aspirat ion 
Stress 
Message Characteristics 
Network Data 
System Effectiveness 
Time Worked 
Operator Stress, Aspira- 
tion 
Message Processing Sta- 
tistics 
i n  such  a  way a s  t o  maximize t h e  s t r o n g  p o i n t s  of each  of t h e  models. 
The end r e s u l t  is  t h e  a b i l i t y  t o  answer q u e s t i o n s  such  a s :  
How does  sys tem e f f e c t i v e n e s s  v a r y  a s  a  f u n c t i o n  of message 
load ,  o p e r a t o r  l e v e l  of a s p i r a t i o n ,  message a r r i v a l  t ime  
d i s t r i b u t i o n ,  o r  p e r s o n n e l  p r o f i c i e n c y ?  
What i s  t h e  e f f e c t  of i n c r e a s i n g  o r  d e c r e a s i n g  t h e  manning 
l e v e l  o r  p e r s o n n e l  p r o f i c i e n c y ?  
@ How much s t r e s s  was on t h e  o p e r a t o r s  d u r i n g  t h e  perform- 
ance  of t h e  work of each  hour?  
What is  t h e  e r r o r  r a t e  f o r  v a r i o u s  message t y p e s  and f o r  
v a r i o u s  mannings and p e r s o n n e l  a t t r i b u t e s  w i t h i n  manning? 
@ How much t i m e  was s p e n t ,  on t h e  average ,  p r o c e s s i n g  each  
t y p e  of message? 
The Army F i e l d  E x e r c i s e  Model 
Most of t h e  t e c h n i q u e s  used i n  t h e  TOS model were u t i l i z e d  i n  deve lop ing  
a n  expanded model f o r  s i m u l a t i n g  t h e  message hand l ing  a s p e c t s  of Army f i e l d  ex- 
e r c i s e s  i n  which up t o  27  r e f e r e e s ,  27  r a d i o  o p e r a t o r s ,  and 3 c o n t r o l l e r s  i n t e r -  
a c t  i n  a  f i x e d ,  c l o s e d  loop  network of communication l i n e s  w h i l e  s h a r i n g  t i m e  
on a  c e n t r a l  computer. Messages i n t r o d u c e d  i n t o  t h e  sys tem a r e  p r e p a r e d ,  proc- 
e s s e d ,  and e n t e r e d  i n t o  t h e  computer by v a r i o u s  p e r s o n n e l  and d e l i v e r e d  t o  t h e  
c o n t r o l l e r s  f o r  e v a l u a t i o n .  
Each computer r u n  of t h e  model r e p r e s e n t s  a  s i m u l a t i o n  of up t o  10 hours  
i n  d u r a t i o n ,  i n  which up t o  2000 messages can be  p rocessed .  I n  t h i s  model,  
each  o p e r a t o r  t y p e  h a s  i t s  own t a s k  a n a l y s i s .  
T h i s  model h a s  r e c e n t l y  been t h e  s u b j e c t  of b o t h  s e n s i t i v i t y  and v a l i d a t i o n  
t e s t i n g .  A s e r i e s  of 59 computer r u n s  enab led  s t a t i s t i c a l  t e s t  on t h e  e f f e c t s  
of a  v a r i e t y  of p e r s o n n e l  and workload v a r i a b l e s ,  manpower c o n f i g u r a t i o n s ,  and 
t a s k  v a r i a b l e s .  The r e s u l t s  were found t o  be r e a s o n a b l e  and a p p r o p r i a t e ;  t h e  
most i n f l u e n t i a l  v a r i a b l e s  were o p e r a t o r  speed,  o p e r a t o r  p r e c i s i o n ,  and network 
c o n f i g u r a t i o n .  The p s y c h o l o g i c a l  f a c t o r s  ( s t r e s s ,  a s p i r a t i o n  l e v e l )  e x e r t e d  a 
much l e s s  powerful  e f f e c t  on o u t p u t .  
HUMAN ORIENTED SUBROUTINES 
Two o t h e r  developments have r e c e n t l y  been completed which l e d  t o  t h e  spe- 
c i f i c a t i o n  of s e v e r a l  computer s u b r o u t i n e s  des igned t o  p r o v i d e  t h e  c a p a b i l i t y  
t o  s i m u l a t e  t h e  p e r s o n a l ,  p s y c h o s o c i a l ,  and group i n t e r a c t i v e  a s p e c t s  invo lved  
i n  t h e  t a r g e t  system. The s u b r o u t i n e s  a r e  des igned  t o  be  s u i t a b l e  f o r  i n t e r -  
f a c i n g  w i t h  a  p a r e n t  program which s i m u l a t e s  o t h e r  a s p e c t s  of t h e  system. 
The f i r s t  e f f o r t  produced f o u r  t y p e s  of d i f f e r e n t ,  y e t  r e l a t e d ,  computer 
s u b r o u t i n e s  o r  modules. Each of t h e s e  was conceived t o  o p e r a t e  a s  a  p a r t  of a  
g l o b a l  computer program whose g o a l  is  t o  s i m u l a t e  t h e  p r i n c i p a l  ground based ,  
man-machine o p e r a t i o n s  invo lved  i n  t h e  AN/UPD-X system. I n  t h i s  USAF system,  
v i d e o  t y p e  d i s p l a y s  p r e s e n t  r e p l i c a s  i n  r e a l  t ime from processed  d a t a  sensed  by 
a s i d e  l o o k i n g  r a d a r ,  mounted i n  a  USAF reconna i ssance  a i r c r a f t .  
The s u b r o u t i n e s ,  d e f i n e d  h e r e  a r e  t h o s e  human o r i e n t e d  f u n c t i o n s ,  invo lved  
w i t h  t h e  c a p a b i l i t y  of s imula ted  o p e r a t o r s  t o  perform b a s i c  t a s k s :  
@ I n  t h e  SCANIDETECT Module t h e  o p e r a t o r  s c a n s  a  ca thode  
r a y  t u b e  (CRT) s c r e e n  f o r  t h e  p resence  of t a r g e t s  and 
d e t e c t s  t a r g e t s .  
e The CLASSIFY Module i n v o l v e s  de te rmin ing  which t y p e  of 
t a r g e t  h a s  been d e t e c t e d .  
The DECISION Module s i m u l a t e s  o p e r a t o r  d e c i s i o n  making. 
The COMMUNICATIONS Module i n v o l v e s  s i m u l a t i o n  of i n t e r -  
o p e r a t o r  communications d u r i n g  AN/UPD-X o p e r a t i o n s .  
Each of t h e s e  s u b r o u t i n e s  de te rmines  t h e  amount of o p e r a t o r  t ime r e q u i r e d  
i n  t h e  s i m u l a t e d  performance of t h e s e  t a s k s  and de te rmines  whether  o r  n o t  t h e  
s i m u l a t e d  o p e r a t o r ( s )  performed t h e s e  t a s k s  a d e q u a t e l y  ( i . e . ,  s u c e s s f u l l y  o r  
u n s u c c e s s f u l l y ) .  
The ANIUPD-X system was i n  t h e  des ign  o r  " e v a l u a t i o n  of a l t e r n a t i v e s "  phase  
d u r i n g  t h e  model development p e r i o d .  A s  a  r e s u l t ,  t h e  human o r i e n t e d  s u b r o u t i n e s  
were developed i n  a  s u f f i c i e n t l y  g e n e r a l  way t o  a l l o w  t h e i r  u s e  d u r i n g  compara- 
t i v e  s i m u l a t i o n  of a l t e r n a t i v e  AN/UPD-X system designs--even t h o s e  developed by 
d i f f e r e n t  i n d u s t r i a l  c o n t r a c t o r  teams i n c l u d i n g  d i f f e r e n t  AN/UPD-X equipment con- 
f i g u r a t i o n s  and d i v e r s e  o p e r a t o r  sequences .  G e n e r a l i t y  w a s  a  g o a l  i n  t h e s e  mod- 
u l e  designs--so t h a t  t h e  modules w i l l  be  v a l i d  a c r o s s  v a r i o u s  equipment and AN/ 
UPD-X system d e s i g n s  developed by s e v e r a l  USAF c o n t r a c t o r s .  T h i s  o b j e c t i v e  was 
ach ieved  i n  t h a t  a  u s e r  o f  t h e s e  modules need o n l y  modify i n p u t s  t o  s u b r o u t i n e s  
i n  o r d e r  t o  accommodate sys tem o r i e n t e d  f e a t u r e  d i f f e r e n c e s  such a s :  
@ r a d a r  coverage a r e a  
0 CRT d i s p l a y  c h a r a c t e r i s t i c s  and s i z e  
e t a r g e t  t y p e s  
0 o p e r a t o r  a b i l i t y  
m i s s i o n  t i m e  
0 communications load 
NUCLEAR FACILITY ATTACK SIMULATION 
The o t h e r  e f f o r t  l e a d i n g  t o  human e f f e c t  modules was d i r e c t e d  t o  a  model 
which p i t t e d  an  a t t a c k i n g  f o r c e  a g a i n s t  a  f o r c e  defending a  n u c l e a r  f a c i l i t y .  
The h o s t i l e  i n t r u d e r  a t t a c k  had been s i m u l a t e d  by a  h o s t i l e  a t t a c k  s i m u l a t i o n  
model which p r e v i o u s l y  had no human b e h a v i o r a l  f e a t u r e s .  
Four  f e a t u r e s  were s e l e c t e d  because  of t h e i r  impor tan t  e f f e c t  on human per-  
formance and were i n c o r p o r a t e d :  
0 e f f e c t s  of n u c l e a r  r a d i a t i o n  
v i s u a l  e f f e c t s  of i l l u m i n a t i o n  ( l i g h t  l e v e l )  
e f f e c t s  of s t r e s s  
group cohes iveness  e f f e c t  
MODEL VALIDATION CONCEPTS 
Emshoff and S i s s o n  (1970) i n  a  d i s c u s s i o n  of model v a l i d i t y  concluded t h a t :  
" t h e  o n l y  p o s s i b l e  ev idence  of v a l i d i t y  f o r  a  s i m u l a t i o n  model t h a t  h a s  been de- 
veloped s p e c i f i c a l l y  f o r  a s i t u a t i o n  i s  t h a t  t h e  model h a s  made s a t i s f a c t o r y  pre-  
d i c t i o n s  i n  t h e  p a s t . "  They sugges ted  f i v e  " p r e l i m i n a r y  c r i t e r i a  f o r  e v a l u a t i n g  
f i r s t  t ime  modelst t  a s  d e s c r i b e d  by Hermann (1967).  These f i v e  a r e  i d e n t i f i e d  by 
an a s t e r i s k  i n  t h e  more comprehensive l ist  of 15 c r i t e r i a  f o r  e v a l u a t i n g  a simu- 
l a t i o n  model which a r e  d i s p l a y e d  i n  Tab le  5. These  c r i t e r i a  are n o t  n e c e s s a r i l y  
m u t u a l l y  e x c l u s i v e .  Some a r e  o v e r l a p p i n g ,  b u t  a l l  are c o n s i d e r e d  i m p o r t a n t  i n  
some s e n s e  and /or  f o r  some c l a s s e s  of models. 
I n  o r d e r  t o  p l a c e  t h e s e  c r i t e r i a  i n t o  some p e r s p e c t i v e  and t o  view t h e  se -  
q u e n t i a l  s t e p s  through which o u r  models p a s s ,  c o n s i d e r  F i g u r e  1, which a t t e m p t s  
t o  t i e  t o g e t h e r  t h e  v a r i o u s  model deve lopment /va l ida t ion  phases  w i t h  t h e s e  15 
c r i t e r i a  f o r  model e v a l u a t i o n .  T h i s  f i g u r e  d i s p l a y s  t h e  major s t e p s  ( l a r g e  rec -  
t a n g l e s )  from concept  and model requ i rements  d e r i v a t i o n  th rough  t h e  s i t u a t i o n  i n  
which t h e  model can be  cons idered  f o r  d e c i s i o n  a i d i n g  and e v e n t u a l l y  f o r  d e c i s i o n  
making. The 15 numbered v e r t i c a l  a r rows ,  r e p r e s e n t i n g  t h e  15 c r i t e r i a ,  show t h a t  
each s t e p  i n  t h e  p r o c e s s  y i e l d s  some measure of u t i l i t y ,  f e a s i b i l i t y ,  c o s t ,  rea-  
s o n a b l e n e s s ,  o r  v a l i d i t y .  It  i s  sugges ted  that: a model whose d e s i g n  meets t h e  
c r i t e r i a  emanating from t h e  model d e s i g n  box b e  s a i d  t o  be  " s u i t a b l e "  ( s e e  lowest  
o v a l ) .  A model which is  programmed and debugged e n t e r s  a s t a t e  h e r e  c a l l e d  " t e s -  
t a b l e . "  A f t e r  s e n s i t i v i t y  t e s t i n g  (and t h e  implementat ion of c o r r e c t i o n s  t o  
t h e  model a s  r e q u i r e d ) ,  t h e  model i s  s a i d  t o  be  " reasonab le . "  Fol lowing adequa te  
v a l i d a t i o n  t e s t i n g ,  t h e  model is  termed "va l id"  o r  "useable"  f o r  d e c i s i o n  a i d i n g  
and,  a f t e r  t h e  e x p e r i e n c e  of u s e ,  t h e  model i s  " o p e r a t i v e ,  " "proven, " o r  "ef f  ec- 
t i v e . "  The v a r i o u s  t y p e s  of d a t a  and i n f o r m a t i o n  r e q u i r e d  a s  i n p u t s  t o  each 
phase  are shown e n t e r i n g  from t h e  l e f t  w i t h  t h e  r e s u l t i n g  documentat ion o u t p u t s  
e x i t i n g  t o  t h e  r i g h t .  
Table 5 
C r i t e r i a  f o r  Evaluat ing t h e  U t i l i t y  of a  Computer Model 
C r i t e r i o n  D e f i n i t i o n  
I n t e r n a l  cons is tency  Extent  t o  which t h e  c o n s t r u c t s  of t h e  
model a r e  marked by coherence and s i m -  
i l a r i t y  of t rea tment  
Ind i f f e rence  t o  t r i v i a l  aggregat ion P o t e n t i a l  of t he  model t o  avoid major 
changes i n  output  when input  groupings 
o r  condi t ions  undergo i n s i g n i f i c a n t  
f l u c t u a t i o n s  
Correc t  p r e d i c t i o n  i n  t he  extreme Extent  of agreement ( co r r ec tnes s  of 
( p r e d i c t i v e  o r  empi r i ca l  v a l i d i t y )  p r e d i c t i o n s )  between model and actu-  
a l  performance a t  very  high/low va l -  
ues  of condi t ions  
Correc t  p r e d i c t i o n  i n  midrange Like above f o r  middle ranges va lues  
( p r e d i c t i v e  o r  empi r i ca l  v a l i d i t y )  of cond i t i ons  
Construct  v a l i d i t y  
Content ( v a r i a b l e  parameter) 
v a l i d i t y  ( F i d e l i t y )  * 
Theore t ic  adequacy of t h e  model con- 
s t r u c t s  
Extent  t o  which the  model's v a r i a b l e s /  
parameters match r e a l  l i f e  condi t ions  
Realism o r  "face v a l i d i t y f ' *  Extent  t o  which s e l e c t e d  content  
matches each a t t r i b u t e  modeled 
Richness of ou tput  
Ease of use 
Cost of development 
12.  Cost of use  
Number and type of ou tput  v a r i a b l e s  
and forms of p re sen ta t ion  
Extent  t o  which an  a n a l y s t  can r e a d i l y  
prepare  d a t a  f o r ,  apply,  and e x t r a c t  
understandable r e s u l t s  from t h e  model 
Value of e f f o r t  t o  conceive,  develop, 
t e s t ,  document, and support 
Extent  t o  which d i f f e r e n t  systems, 
missions,  and conf igu ra t ions  can be 
s imulated 
Value of a l l  e f f o r t  involv ing  use of 
model inc luding  d a t a  ga the r ing ,  i npu t ,  
d a t a  process ing ,  and a n a l y s i s  of re- 
s u l t s  
13 .  I n t e r n a l  v a l i d i t y *  
14 .  Event o r  t i m e  s e r i e s  v a l i d i t y *  
15. Hypothesis  v a l i d i t y *  
E x t e n t  t o  which o u t p u t s  are r e p e a t -  
a b l e  when i n p u t s  a r e  unchanged 
Exten t  t o  which s i m u l a t i o n  p r e d i c t s  
e v e n t  and e v e n t  p a t t e r n s  
Ex ten t  t o  which model r e l a t i o n s h i p s  
correspond t o  similar r e l a t i o n s h i p s  
i n  t h e  o b s e r v a b l e  u n i v e r s e  
* Approaches t o  v a l i d a t i o n  d e f i n e d  by Hermann (1967) 
FOOTNOTE 
The tssk oriented models were originally developed under contract with the 
Engineering Psychology Programs and Organizational Psychology Programs, Office 
of Naval Research. Enhancements for radiation (and other decrement effects) and 
reliabilitylavailability effects were sponsored by the Aeromedical Research La- 
boratory, Wright-Patterson Air Force Base and the Naval Sea Systems Command, re- 
spectively. The message oriented models were sponsored by the U.S. Army Research 
Institute for the Behavioral and Social Sciences. 
The modules relating to hostile attack on nuclear facilities were developed 
for Sandia Laboratories, and those relating to electronic processed imagery sys- 
tems were sponsored by Aerospace Medical Research Laboratory and the University 
of Dayton Research Institute. 
References 
Emshoff, J.R. 6 Sisson, R.L. Design and use of computer simulation models. 
London: MacMillan, 1970. 
Hermann, C. Validation problems in games and simulations. Behavioral Science, 
1967, 13, 216-230. 
N 
VALIDATION 
( TES7XBLE ) > MERNAL OF MODEL STRUCTURE COST OF USE VALIDITY BY EXPERT OPINION 
DATA FROM 
SYSTEM MISSION 
PARAMETERS TO EXERCISE PROGRAM 
A L L  PROGRAM PATHS DOCUMENTATION 
EXPERT 
OPINION 
MODEL SPECS 
DEVELOPME[\ 
I 
PROGRAMMING TECHNIQUES a-. .-. -- 
LANGUAGE & COMPUTER CUMPU 1-ER PROGRAM 
SELECTION A A A j. A A A 
S(STEM/MISSION 
REQUIREMENTS Su'TABLr 
FORMS FOR MODEL USE y 
PREDICTIVE RESULT REPORTS- 
STATISTICAL 
TECHNIQUES 
LIVE MISSION DATA 
- VN-lDATlON TESTING - VALIDATION TEST1 NG VAL1 DATION TESTING 
* USE TESTFOLLOWED BY COMPAR-  USETEST FOLLOWED BY COMPAR- EXERCISE AIOIN LAB MPERIMEfl 
ISON OFRESULTS WITH REAL ISON OFRESULTS WITH EXPERT AND COMPARE WITH INTERMEDIATE 
OPINION CRITERION 
! 4 
AND/OR 
4 A 
DATA FROM 
INDIFFERENCE TO I TRIVl$LLIGGREG. 
Figure 1.- Steps in model development. 
EASE OF 
USE'9' +( REASONABLE ) 
I , -, MULTIPLE TEST MISSIONS S E N S I T I V I T Y  TEST REPORT 
HISTORICAL DATA 
'b 
, WIDE RANGE OFPARAMETERS , 
SENSITIVITY TESTING 
ALGORLTHM TEST FOLLOWED BY ANAL- 
YSIS OF REASONABLENESS OFOUTPUT 
REQUIRED 
+ 
VISUAL PERFORMANCE MODELING I N  THE HUMAN OPERATOR SIMULATOR 
Me lv i n  I .  S t r i e b  
A n a l y t i  cs 
Wi l low Grove, Pa. 
ABSTRACT 
A b r i e f  d e s c r i p t i o n  o f  t h e  h i s t o r y  o f  t h e  development o f  t h e  Human 
Operator  S imu la to r  (HOS) mode1 i s  presented. Features o f  t h e  HOS m ic ro -  
models t h a t  impact on t h e  obtainment o f  v i s u a l  performance da ta  a re  discussed 
a long  w i t h  p r e l i m i n a r y  d e t a i l s  on a  HOS p i l o t  model designed t o  p r e d i c t  t h e  
r e s u l  t s  o f  v i s u a l  performance workload da ta  ob ta ined  through oculometer 
s t u d i e s  on p i l o t s  i n  r e a l  and s imulated approaches and land ings .  
INTRODUCTION 
The HOS model has been under development f o r  approx imate ly  10 years.  
The concept behind t h e  model was' fo rmu la ted  by Wherry (Ref. 1  ) i n  1969. 
A n a l y t i c s  began t h e  t a s k  f o r  f o r m a l i z i n g  Wherry 's ideas and conve r t i ng  them 
i n t o  a  f u n c t i o n i n g  model (Ref. 2) i n  1971. Development o f  t h e  bas i c  model 
was completed i n  1976 (Refs. 3, 4, 5, 6, 7, 8) when t h e  model was f i r s t  
a p p l i e d  t o  a  ma jo r  Naval weapons system (Ref. 9 ) .  S ince t h a t  t ime, t h e  model 
has been a p p l i e d  t o  severa l  o t h e r  Naval systems (Refs. 10, 11, 12, 13).  Each 
a p p l i c a t i o n  has r e s u l t e d  i n  an i nc reas ing  conf idence i n  t h e  v a l i d i t y  and 
g e n e r a l i t y  o f  t h e  model and i n  an expansion o f  i t s  range of a p p l i c a b i l i t y  t o  
more and more complex s i t u a t i o n s .  
HOS developed as a  r e s u l t  of Wherry 's work i n  t h e  f i e l d  o f  c rews ta t i on  
design, t e s t  and eva lua t i on .  He recognized t h a t  t h e  t ask  analyses t h a t  were 
be ing  prepared f o r  t he  Navy s u f f e r e d  f rom severa l  major  f l aws .  F i r s t ,  t h e  
analyses never adequately expressed what was expected o f  t h e  opera to r .  Tasks 
were spec i f i ed  a t  v a r y i n g  and u s u a l l y  macroscopic l e v e l s  o f  d e t a i l  (e.g., 
" P i l o t  acqu i res  and l o c k s  on t a r g e t " )  and t h e  t imes assigned t o  a c t i v i t i e s  
were, a t  best ,  educated guesses. The analyses would never i n d i c a t e  t h a t  t h e  
o p e r a t o r  was t oo  busy t o  per form a l l  t h e  assigned f u n c t i o n s  ( though i n  ac tua l  
ope ra t i ona l  s i t u a t i o n s ,  t h e  ope ra to r  m i g h t  have been) because t h e  analyses 
were be ing  prepared by equipment manufacturers  who had vested i n t e r e s t s  i n  
making t h e i r  systems l o o k  good. The analyses d i d  n o t  r e a l  i s t i c a l  l y  r ep resen t  
e i t h e r  t h e  dynamics o f  i n t e r a c t i o n s  between m iss ion  f u n c t i o n s  o r  t h e  i n t e r -  
a c t i o n s  between t h e  ex te rna l  wo r l d  and opera to r  a c t i v i t i e s .  
Wherry concluded t h a t ,  s i nce  t h e r e  were n o t  standards t h a t  t h e  Navy 
cou ld  app ly  t o  ensure an unbiased and c o n s i s t e n t  eva lua t ion ,  t h e  s t r u c t u r e  of 
a  t a s k  ana l ys i s ,  i t s  l e v e l  o f  d e t a i l ,  and i t s  i n s e n s i t i v i t y  t o  v a r i a t i o n s  
i n  c rews ta t i on  des ign d i d  n o t  pe rm i t  t he  r e a l  i s t i c  e v a l u a t i o n  o f  des ign  a1 t e r -  
na t i ves .  Proposed designs cou ld  s t i l l  o n l y  be evaluated by b u i l d i n g  mockups, 
s imu la to rs ,  and p ro to types  and runn ing  sub jec t s  through t e s t  scenar ios.  Bu t  
such s tud ies ,  i n  a d d i t i o n  t o  be ing c o s t l y ,  time-consuming and confounded by 
i n t e r - s u b j e c t  v a r i a b i l i t y ,  cou ld  o n l y  be performed so l a t e  i n  t h e  des ign  pro-  
cess t h a t  t h e  r e s u l t s  o f  t h e  s tud ies  cou ld  have o n l y  min imal  impact  on t h e  
u l t i m a t e  system design. 
Wherry proposed t h e  development o f  a  computer s i m u l a t i o n  model t h a t  
would be capable o f  s i m u l a t i n g  an ope ra to r  i n  a  complex c rews ta t i on  t o  t h e  
l e v e l  of d e t a i l  needed f o r  r e a l i s t i c  e v a l u a t i o n  o f  a l t e r n a t i v e  des igns w i t h i n  
t h e  c o n t e x t  of  s imulated miss ions.  The model would be capable o f  produc ing 
t h e  types  of da ta  t h a t  had been ob ta inab le  o n l y  f rom man-in-the- loop expe r i -  
mentat ion.  The c h a r a c t e r i s t i c s  o f  the  c rewsta t ion ,  t h e  performance r e q u i r e -  
ments of  t h e  ope ra to r  and t h e  d e t a i l s  o f  t h e  miss ions  t h a t  cou ld  be spec i f i ed  
t o  t h e  model were t o  be complete ly  genera l ,  The s i m u l a t i o n  would become a  
s p e c i f i c  ope ra to r  w i t h  s p e c i f i c  tasks  t o  accompl ish when t h e  a n a l y s t  supp l i ed  
a  d e s c r i p t i o n  of  t he  crewstat ion,  t h e  procedures t he  ope ra to r  was t o  f o l l o w  
t o  u t i l i z e  the  equipment and a  d e s c r i p t i o n  o f  t he  behav io r  o f  t h e  e x t e r n a l  
wor ld ,  j u s t  as a human be ing  becomes t h e  opera to r  o f  a  system when p laced  
i n  a  c rews ta t i on ,  t o l d  how t o  use t h e  equipment and g iven  a  s p e c i f i c  j o b  t o  
do. 
To f a c i l i t a t e  t he  process o f  d e f i n i n g  t h e  c rewsta t ion ,  t h e  ope ra to r  p ro -  
cedures, and t h e  ex te rna l  wor ld ,  an EnglishIFORTRAN-like language -- t h e  Human 
Operator  Procedures (HOPROC) 1  anguage -- was developed. HOS t rans1  a tes  HOPROC 
statements d e s c r i b i n g  macro- level  ope ra to r  a c t i o n s  i n t o  m i c r o - l e v e l  a c t i v i t i e s  
whose performance t imes a re  dependent on bas i c  human performance c h a r a c t e r i s -  
t i c s  and t he  m iss ion  dynamics (Ref.  14) .  
The HOS approach d i f f e r s  s i g n i f i c a n t l y  f rom t h e  approaches used i n  models 
l i k e  SAINT (Refs .  15, 16, 17, 18) ,  S iegel -Wol f  (Refs.  19, 20, 21), TLA (Refs. 
22, 23) and t he  va r i ous  c o n t r o l  t heo ry  models (Refs.  24, 25 ) .  The essence of 
HOS i s  an e q l i c i t  model of the  operator and o f  how t h e  opera to r  t r a n s l a t e s  
procedura l  statements i n t o  a c t i v i t i e s .  Under ly ing  t h e  HOS model i s  t h e  
assumption t h a t  human performance ( i n  genera l )  and t h e  performance o f  a  w e l l  - 
t r a i n e d  ope ra to r  ( i n  p a r t i c u l a r )  i s  explainable as t he  concatenat ion o f  m ic ro -  
a c t i v i t i e s .  The performance t ime f o r  each m i c r o - a c t i v i t y  i s  predictable and 
expressed f u n c t i o n a l l y  by the  micro-model f o r  t h a t  m i c r o - a c t i v i t y .  S ince t h e  
human performance micro-models a re  based on exper imenta l  data,  HOS i s  n o t  o n l y  
a  means o f  e v a l u a t i n g  complex systems, b u t  a l s o  a  s t r u c t u r e  w i t h i n  which 
exper imenta l  model s  o f  human performance can be t e s t e d  and eva l  uated . 
THE HOS OPERATOR MODELS 
There a re  f i v e  major  micro-models i n  HOS -- an anatomy movement model, 
an i n fo rma t i on  abso rp t i on  model , a  mental computat ion model , a dec i s i on -  
making model, and a  c o n t r o l  man ipu la t i on  model. These models were developed 
f rom analyses o f  bo th  pub l i shed  and unpubl ished da ta  on human performance. 
Where no data or models were found to ex i s t ,  "common-sense" models were 
developed. These models can be modified ei ther  as new data becomes available 
or as specific applications indicate the need for model improvements. The 
models and the sources from which they were derived are discussed in detail  
elsewhere (Ref. 14). However, for the purposes of understanding visual per- 
formance as modeled in HOS, i t  i s  necessary to briefly review the eye move- 
ment features of the anatomy movement micro-model and the information absorp- 
tion micro-model and the HOS models of operator var iabi l i ty  and  e r rQr ,  
Eye Movement 
When a HOPROC instruction ( e .g . ,  R E A D  THE ALTIMETER) requires the 
operator to  move his eyes to a specific device, the eye movement micro-model 
i s  accessed. This model computes a movement time based on location of the 
current eye fixation point and the new fixation point. The equations used in 
th i s  micro-model are based on published experimental data on la teral  eye 
movements (Ref. 26)  and data from an unpublished experiment by Wherry and 
Bittner involving both la teral  and convergence movements. Figure 1 indicates 
the range of eye movement times for  si tuations involving only la teral  move- 
ments between two fixation points on a plane 71 cm (28 in . )  from the operator. 
Information Absorption 
The HOS information absorption micro-model i s  dependent on a hab 
strength parameter, derived from Hull 's learning theory habit strength con- 
cept. Information i s  absorbed in discrete chunks (micro-absorptions). Each 
micro-absorption increases the operator 's  confidence (hab strength) until the 
operator i s  sufficiently confident in his knowledge of the value of the de- 
vice,  a t  which time the absorption process i s  terminated. 
Each micro-absorption resul ts  in the addition of a micro-absorp$ion 
time charge whose value i s  dependent on input quantit ies supplied by the 
analyst in combination with characteristics of the device (e .g . ,  whether the 
device i s  discrete or continuous, how many sett ings i t  has, e t c .  1, Figure 2 
indicates how hab strength varies as a function of time for four different  
devices . 
Operator Performance Variability 
The HOS model views operator performance variabi l i ty  as the resul t  of 
differences in the performance capabi l i t ies  of different  subjects coupled 
with differences in operator s t rategies .  Differences in performance capa- 
b i l i t i e s  are represented by parametric differences in the functional relation- 
ships in the micro-models. Differences in operator s t rategies  are repre- 
sentable as e i ther  different  decision rules i n  the operator procedures or 
as differing pr ior i t izat ions of the operator procedures. By parametrically 
varying these quantit ies,  HOS can be used t o  evaluate b o t h  the operator per- 
formance required by a system and al ternat ive operator s t rategies  and pr ior i -  
t ization schemes. The f i r s t  type of eval uation (operator performance capa- 
b i l i t i e s )  can be useful in the process of screening candidate operators. The 
l a t t e r  evaluation (s t rategies  and pr ior i t izat ion schemes) can help to  develop 
training procedures t h a t  will ensure that  operators are trained to optimally 
u t i l i ze  the system's capabi l i t ies .  Although both of these possible uses of 
HOS have yet to be explored, they were anticipated in Wherry's original con- 
ceptual ization of HOS. The former was implied by the "0-state" (operator 
s t a t e )  concept t h a t  a1 lows variations in the operator performance equations 
throughout the mission; the l a t t e r  in the c r i t i c a l i t y  values assigned to  d i f -  
ferent operator procedures that  can be (and are)  dynamically modified through- 
out the simulation1 and in the English-like syntax of the HOPROC language 
that  enables the HOS procedures to be used direct ly  as training materials. 
Operator Error 
One of the most controversial issues associated with HOS i s  i t s  model of 
operator error .  To understand th i s  model, i t  i s  important to  remember tha t  
the primary objective for  which HOS was developed was the evaluation of the 
nominal performance of a system by a well-trained, average operator. By 
defini t ion,  a well-trained operator i s  one who carr ies  out instructions "by 
the book," without omitting a s tep,  making an incorrect decision (based 
on the decision rules specified in the instruction s e t ) ,  or incorrectly 
carrying out an instruction. However, t h i s  definition does no t  preclude a l l  
sources of operator error .  For HOS, the significant sources of operator 
error  are : 
(1) Requiring the operator to perform more ac t iv i t i e s  in a given period 
of time than possible (because of human and/or equipment 1 imita- 
t ions) ,  thereby causing the operator to " fa l l  behind" in the 
mission. 
( 2 )  Giving the operator an incorrect s e t  of decision rules and/or 
operating instructions,  thereby causing tact ical  and/or operational 
errors .  
( 3 )  Giving the operator poor displays and/or controls that do not per- 
mit information t o  be read or  controlled with suff ic ient  accuracy 
to  permit proper operation of the system, causing errors t o  occur 
in carrying out subsequent (or concurrent) operations and/or 
requiring the operator to  invest more time, once again causing the 
operator t o  f a l l  behind in the mission. 
These types of errors result in operator performance errors ,  b u t  are 
real ly  fa i lures  in the design of the system -- flaws which the human factors 
engineer must address in proposing design modifications. They are problems 
created when system designers f a i l  to  take into account human performance 
l imitations.  Clearly, they are not errors of the same sort  as when an opera- 
t o r  inadvertently pushes a wrong button -- such errors are e i ther  random and 
of low frequency ( i n  which case i t  i s  unfair t o  use them t o  evaluate the 
nominal performance of the system) or caused by working the operator beyond 
capacity. They are,  however, the types of errors tha t  must be engineered 
out of the system. 
VAL I  DATI ON 
Val idation of any complex model (and particularly a Monte Carlo simula- 
t ion model l ike HOS) i s  fraught with d i f f icu l t ies .  One can argue that  such 
models can never be fu l ly  validated -- the best one can hope for  i s  that  in 
specif ic  s i tuat ions,  given well-defined se ts  of inputs, the model can be shown 
to  produce the outputs that  match expectations, experience and available data. 
The problem i s  even more complex with a model l ike HOS because, unlike simula- 
t ion systems that  manipulate the user ' s  model of a si tuation ( i  . e . ,  the 
inputs) according to incontrovertible mathematical formulae, in HOS there i s  
both the HOS model of the operator and the user ' s  model of how the system 
functions and how the operator will u t i l i ze  i t .  Both models must be valid 
for  the resul ts  of any particular simulation to  be valid. B u t  since human 
behavior i s  so complex, one can never be sure that a l l  possible circumstances 
have been ful ly  described and a l l  possible alternatives foreseen. I t  i s  
therefore almost impossible to validate any specific model . 
Notwithstanding these difficul t i e s ,  e f for t s  have been made to  ensure 
both the val idi ty  of the HOS operator model and the reasonableness of the out- 
puts obtained from specific user models. Tests of the val idi ty  of the HOS 
model have involved simulations of specific experiments drawn from the human 
factors  and experimental psychological 1 i  terature (Refs. 8 ,  10, 11 ) . User 
model validations have included simulations of specific Navy crewstations 
(Refs. 9 ,  12 ,  13).  Both types of simulations have confirmed the general 
val idi ty  of HOS. 
Although comparing model resul ts  with experimental data has generally 
been straightforward, validation of the model in complex mili tary situations 
has been problematical because of the d i f f i cu l t i e s  associated with attempting 
to  capture a l l  the potentially significant variables i n  the simulation. The 
converse of th i s  problem i s  also true -- one can establish a scenario that  can 
be run through HOS, b u t  i t  i s  d i f f i cu l t  ( i f  not impossible) to  se t  u p  real-  
world s i tuat ions ( e .g . ,  at-sea exercises) that  will conform to the hypothetical 
s i tuat ions modeled in the simulations. Further confirmation of the HOS model 
i s  expected as the resul t  of a ser ies  of HOS simulations coupled with labora- 
tory experiments that  are currently in the planning stages. These simula- 
t ions will attempt to ensure the val id i ty  of the model (and will determine the 
values of certain input data quantit ies needed by the model) for  a range of 
si tuations of varying complexity commonly experienced in Naval weapons systems. 
In addition, an e f fo r t  i s  currently underway with NASA Langley that  will t e s t  
a HOS pi lo t  model through i t s  conformance with visual performance data col- 
lected by Spady and Kurbjun (Ref. 2 7 ) .  Preliminary de ta i l s  on th i s  model are 
presented below. 
THE HOS/NASA LANGLEY PILOT MODEL 
An ope ra to r  can be modeled as t imeshar ing  h i s  a t t e n t i o n  among a  s e t  o f  
mon i t o r i ng  procedures designed t o  keep s p e c i f i c  d isp layed  i tems o f  i n f o r m a t i o n  
a t  t h e i r  nominal values. For example, i n  t h e  approach phase o f  an IFR land-  
ing ,  a  p i l o t  t imeshares h i s  a t t e n t i o n  among a t  l e a s t  e i g h t  d i f f e r e n t  i n s t r u -  
ments s imu l taneous ly  -- t h e  ADF, t h e  rada r  a l t i m e t e r ,  t h e  h o r i z o n t a l  and 
v e r t i c a l  s i t u a t i o n  i n d i c a t o r s ,  t he  baromet r i c  a l t i m e t e r ,  t h e  a i rspeed i n d i c a -  
t o r ,  t he  c lock ,  and t he  f l i g h t  d i r e c t o r .  HOS enables t he  a n a l y s t  t o  descr ibe  
t h e  p i l o t ' s  mon i t o r i ng  behav io r  by a  s e t  o f  monitor procedures. Each i n s t r u -  
ment has i t s  own mon i t o r  procedure, e.g.: 
DEFINE THE PROCEDURE TO MONITOR THE ALTIMETER. 
I F  THE ESTIMATED VALUE OF THE ALTIMETER I S  WITHIN LIMITS 
THEN WAIT. 
Such procedures d e f i n e  t he  a c t i o n s  t h a t  t he  ope ra to r  i s  t o  per fo rm i n  
o r d e r  t o  keep t h e  s p e c i f i e d  ins t rument  w i t h i n  a  p rede f i ned  (and dynamica l l y  
m o d i f i a b l e )  s e t  o f  1 i m i t s .  These 1  i m i t s ,  which a r e  de f i ned  around a  desired 
value (a1 so dynamica l l y  m o d i f i a b l e )  can be s e t  t o  a  va lue  o f  zero,  i n  which 
case t h e  p i l o t  w i l l  a c t  1  i k e  an op t ima l  c o n t r o l l e r  by con t i nuous l y  t a k i n g  
a c t i o n s  t o  min imize t h e  e r r o r .  A l t e r n a t i v e l y ,  t h e  l i m i t s  can be s e t  t o  some 
non-zero value, i n  which case t h e  p i l o t  w i l l  o n l y  take  c o r r e c t i v e  a c t i o n  when 
t h e  d i sp layed  i t e m  exceeds i t s  a l l owab le  range o f  v a r i a b i l i t y ,  
Mon i t o r  procedures a re  executed p e r i o d i c a l  l y  w i t h  a  f requency dependent 
upon a  s e t  o f  d e c i s i o n  r u l e s  t h a t  a re  p a r t  o f  t h e  HOS decis ion-making m ic ro -  
model. These r u l e s  use va lues o f  how l ong  i t  has been s i nce  t h e  procedure 
was l a s t  executed, how c l ose  t h e  dev ice  be ing  moni tored i s  t o  i t s  des i r ed  
va lue  and t he  c r i t i c a l i t y  o f  t h e  dev ice  t o  determine which procedure t o  work 
on nex t .  Thus, i f  a l l  dev ices a r e  o f  equal c r i t i c a l i t y  and a t  t h e i r  nominal 
values, each mon i t o r  procedure would be executed once be fo re  any procedure 
was executed a  second t ime. By ass ign ing  app rop r i a te  c r i t i c a l i t i e s  t o  t h e  
dev ices ( o r  t o  t he  mon i t o r  procedures, themselves), t he  a n a l y s t  can c o n t r o l  
t h e  f requency w i t h  which t he  procedures a re  executed. When t h e  va lue  o f  t h e  
dev i ce  d i f f e r s  f rom t h e  nominal , t h e  HOS decis ion-making a1 g o r i  thms w i l l  
p e r t u r b  t h e  a  p r i o r i  c r i t i c a l  i t i e s  (and hence t h e  nominal mon i t o r i ng  f r e -  
quencies)  by an amount dependent on t he  d e v i a t i o n  o f  each dev ice  f rom i t s  
nominal va lue.  These changes i n  the  m o n i t o r i n g  f requenc ies  correspond t o  
t h e  e f f e c t s  t h a t  one sees i n  a  p i l o t ' s  performance when c e r t a i n  dev ices 
become more c r i t i c a l  d u r i n g  c e r t a i n  m iss ion  phases o r  when t h e  p i l o t  ded ica tes  
more t ime  t o  m a i n t a i n i n g  c o n t r o l  over  c e r t a i n  i tems because they  a r e  harder  
t o  c o n t r o l .  
Spady and Kurb jun c o l l e c t e d  (Ref .  27) oculometer da ta  on p i l o t  eye 
movements d u r i n g  bo th  ac tua l  and s imu la ted  approaches and land ings .  T h e i r  
da ta  f u n c t i o n a l l y  descr ibes t h e  v a r i a t i o n  i n  t he  p i l o t ' s  perce ived  c r i t i c a l i t y  
under v a r y i n g  circumstances. The da ta  on coupled ( i  .e., a u t o p i l o t  engaged) 
approaches, f o r  example, (F i gu re  3 ) ,  i s  i n d i c a t i v e  of ope ra to r  m o n i t o r i n g  
frequencies when the operator has a minimum number of functions to perform, 
i . e . ,  when a l l  devices remain within the i r  1 imits and no corrective actions 
are required by the operator. Their data for uncoupled (autopilot disengaged) 
approaches (Figure 4 )  indicates how these frequencies change when additional 
p i lo t  control functions are added. In HOS, th i s  corresponds to increasing 
the p i l o t ' s  hab strength thresholds when the p i lo t  i s  performing the control 
functions and to  the addition of the control ac t iv i t i e s  defined by succeeding 
statements in the monitor procedures. 
I t  i s  expected that  the HOS micro-models will produce eye movement data 
d i rec t ly  comparable to the data obtained by Spady and Kurbjun (Figures 3 
through 5 ) .  
SUMMARY AND IMPLEMENTATION CONSIDERATIONS 
This paper has discussed those aspects of the HOS model pertaining t o  
the inodeling of visual performance data and the e f for t s  that  are currently 
underway to confirm the validity of those models. 
C D R  Norman Lane, Naval Air Development Center, Warminster, Pa., directs  
the Navy's HOS modeling ef for t s .  The Navy i s  anxious to encourage others to  
use the model and will provide access t o  the model for those wishing to .  
HOS consists of three major programs which are in FORTRAN, b u t  use some 
CDC-specific features. The programs would therefore require some ( re la t ive ly  
minor) conversion before they could be used on another computer system. The 
program i s  large ( i t  can use 200K8 words or more of storage for  complex 
simulations4) and, for  complex problems, can be expensive t o  run. However, i t  
offers  the potential for substantial savings when used as a subst i tute  for 
real-time simulations and as a means for  obtaining types of data that  m i g h t  be 
vir tual ly  impossible t o  obtain by any other means. HOS should also be con- 
sidered as an integral part of the system design process, enabling the human 
factors engineer t o  propose, t e s t ,  and e i ther  just i fy  or reject  proposed sys- 
tem designs based upon a clear and consistent model of human performance. 
FOOTNOTES 
'Crit ical  i t i e s  can be expl ici t ly  modified by procedural statements and are 
implicit ly modified by the model's decision-making micro-model. 
2This statement can also be written as ei ther  
IF THE ALTIMETER IS WITHIN LIMITS T H E N  WAIT. 
IF ALTIMETER I S  O K  THEN WAIT. 
or in any one of a number of other semantically equivalent forms. The HOPROC 
syntactical analyzer program translates them a l l  into a standard form for  use 
by the simulator. 
3These data are only indicative of the monitoring frequencies because the 
Piedmont 737's flown were not equipped with an auto th ro t t l e ;  therefore, the 
p i lo t  was required t o  control the airspeed with the th ro t t l e .  
"A version of HOS t h a t  uses the CDC Extended Core Storage f a c i l i t y  i s  also 
available. 
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T = .14324A + ,0175 
Where: A = max (AO, AS) 
+ .2 min (10 .A0)  
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Figure 1.- Time f o r  l a t e r a l  eye movements as a funct ion o f  
distance between two targets.  
E = .04 E = .12 
1.0- , - N = 2  C C C C - - - - C  N = 7  
/ 
/ 
E = .12 
- - - DISCRETE 
- CONTINUOUS 
E = MICRO-ABSORPTION TlME CHARGE (SEC) 
N = NUMBER OF SETTINGS 
TlME 
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Figure  3 . -  Time h i s t o r y  of one p i l o t ' s  scan  dur ing  coupled approach. 
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Figure  4.- Time h i s t o r i e s  of one p i l o t ' s  scan  dur ing  manual approach. 
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A BRIEF OVERVIEW OF THE THEORY AND APPLICATION OF 
THE OPTIMAL CONTROL MODEL OF THE HUMAN OPERATOR 
Sheldon Baron 
Bol t  Beranek and Newman I n c . ,  Cambridge, Mass. 
SUMMARY 
T h i s  t u t o r i a l  reviews t h e  Optimal C o n t r o l  Model of t h e  human o p e r a t o r .  
F i r s t ,  u n d e r l y i n g  m o t i v a t i o n  and concep t s  a r e  p r e s e n t e d ,  a l o n g  w i t h  a 
review of t h e  development and a p p l i c a t i o n  of t h e  model. Then, t h e  
s t r u c t u r e  of t h e  model i s  d e s c r i b e d .  F i n a l l y ,  r e s u l t s  v a l i d a r i n g  t h e  
model a r e  p r e s e n t e d .  
INTRODUCTION 
This  paper  reviews t h e  Optimal Cont ro l  Model (OCM) of t h e  human 
o p e r a t o r  developed p r i n c i p a l l y  by Kleinman, Levison,  and t h e  a u t h o r  
( r e f s .  1 and 2 ,  f o r  example) a t  B o l t  Beranek and Newman I n c .  The OCM 
was o r i g i n a l l y  developed f o r  d e s c r i b i n g  and p r e d i c t i n g  t o t a l  s y s  tem 
performance i n  con t inuous ,  manual c o n t r o l  t a s k s .  However, t h e  model ( o r  
p o r t i o n s  of i t )  h a s  proven t o  be u s e f u l  i n  a  b r o a d e r  range of problems. 
Moreover, though n o t  i n t e n d e d  t o  b e  a  s t r u c t u r a l  ana log  o f  t h e  human 
o p e r a t o r ,  many f e a t u r e s  o f  t h e  model have i n t e r e s t i n g  i n t e r p r e t a t i o n s  
f rom an i n f o r m a t i o n  p r o c e s s i n g  view of human performance ( r e f .  3 ) .  The 
a i m  of t h i s  paper  i s  t o  p r o v i d e  t h e  r e a d e r  w i t h  a n  overview of t h e  OCM 
and a guide t o  t h e  l i t e r a t u r e  f o r  more d e t a i l e d  i n f o r m a t i o n .  Accordingly ,  
i t  b e g i n s  w i t h  a d i s c u s s i o n  of u n d e r l y i n g  m o t i v a t i o n  and a review of t h e  
development and a p p l i c a t i o n  o f  t h e  model. Th i s  i s  fo l lowed  by a 
d i s c u s s i o n  of t h e  i m p o r t a n t  s t r u c t u r a l  f e a t u r e s  of t h e  model, some b a s i c  
v a l i d a t i o n  r e s u l t s  and b r i e f  conc lud ing  remarks.  
MOTIVATION AND REVIEW 
The human c o n t r o l l e r  i s  s e l f - a d a p t i v e  and,  i f  mot iva ted  and given 
i n f o r m a t i o n  abou t  h i s  performance,  w i l l  a t t e m p t  t o  change c h a r a c t e r i s t i c s  
s o  as t o  perform b e t t e r .  On t h e  o t h e r  hand ,  human performance is  l i m i t e d  
by c e r t a i n  i n h e r e n t  c o n s t r a i n t s  o r  l i m i t a t i o n s  and by t h e  e x t e n t  t o  which 
t h e  human unders tands  t h e  o b j e c t i v e s  of t h e  t a s k .  These o b s e r v a t i o n s  
s e r v e  a s  t h e  b a s i s  f o r  t h e  fundamental  assumption u n d e r l y i n g  t h e  OCM, 
namely,  t h a t  t h e  wel l -mot ivated,  w e l l - t r a i n e d  human o p e r a t o r  w i l l  a c t  i n  
a n e a r  o p t i m a l  manner s u b j e c t  t o  t h e  o p e r a t o r ' s  i n t e r n a l  l i m i t a t i o n s  and 
understanding of t h e  t a sk .  This assumption i s  n o t  new i n  manual c o n t r o l  
(e. g. , ( r e f .  4))  o r  i n  t r a d i t i o n a l  human engineer ing  (e .  g. , Simon ( r e f .  5) 
c a l l s  i t  t h e  P r i n c i p l e  of Bounded Ra t iona l i t y ) .  What i s  novel  a r e  t h e  
methods used t o  r ep re sen t  human l i m i t a t i o n s ,  t h e  inc lus ion  i n  t h e  model of 
elements t h a t  compensate opt imally f o r  t hese  l i m i t a t i o n s ,  and t h e  ex t ens ive  
use  of s ta te -space  concepts and t h e  techniques of modern c o n t r o l  theory.  
C lea r ly ,  i f  t h e  b a s i c  op t ima l i t y  assumption i s  t o  y i e l d  good r e s u l t s ,  
i t  is  necessary  t o  have r e l i a b l e ,  accu ra t e ,  and meaningful models f o r  
human l i m i t a t i o n s .  I n s o f a r  a s  p o s s i b l e ,  t hese  models ( o r  t h e i r  
parameters)  should r e f l e c t  i n t r i n s i c  human l i m i t a t i o n s  o r  should depend 
p r imar i ly  on t h e  i n t e r a c t i o n  of t he  ope ra to r  w i th  t h e  environment and no t  
on t h e  s p e c i f i c s  of t h e  c o n t r o l  t a sk .  It i s  a l s o  d e s i r a b l e  t h a t  t h e  
d e s c r i p t i o n  of human l i m i t a t i o n s  involves  a s  f e w  parameters as p o s s i b l e  
and t h a t  i t  be commensurate with t h e  modern c o n t r o l  system framework t h a t  
i s  be ing  employed. These p r i n c i p l e s  have guided t h e  development of t h e  
models f o r  human l i m i t a t i o n s  t h a t  w i l l  be descr ibed below. 
There were s e v e r a l  reasons f o r  employing a  modem c o n t r o l  approach 
t o  ana lyz ing  manual c o n t r o l  t a sks ,  even though methods based on c l a s s i c a l  
c o n t r o l  techniques had been f a i r l y  succes s fu l .  I n i t i a l l y ,  t he  p r i n c i p a l  
motivat ion was provided by t h e  b a s i c  l o g i c  of t he  op t ima l i t y  assumption 
and by t h e  b e l i e f  t h a t  s ta te -space  techniques provided a  sys t ema t i c  
approach t o  mul t i - input ,  multi-output systems t h a t  avoided some of t h e  
d i f f i c u l t i e s  a s soc i a t ed  wi th  t h e  app l i ca t ion  of multi-loop a n a l y s i s  t o  
man-in-the-loop problems. The powerful computational schemes a s s o c i a t e d  
wi th  t h e s e  techniques a l s o  were a t t r a c t i v e  i n  l i g h t  of t he  complex monitoring 
and c o n t r o l  problems t h a t  were becoming of i n t e r e s t .  The b a s i c  approach 
t o  human l i m i t a t i o n s  and t h e  op t ima l i t y  assumption appeared t o  sugges t  a  
model t h a t  might adapt  t o  t a sk  s p e c i f i c a t i o n s  and requirements 
"automatical ly"  and n o t  through a  subs id i a ry  s e t  of adjustment r u l e s .  
F i n a l l y ,  i t  was expected t h a t  t h e  use  of a  normative modell and time-domain 
a n a l y s i s  would f a c i l i t a t e  "modular" and "graceful"  development of t h e  model 
a s  new f a c e t s  of human behavior  were considered and understood. 
A review of t he  progress  and evo lu t ion  of the  OCM w i l l  provide some 
f e e l  f o r  t h e  e x t e n t  t h a t  t h e  above-mentioned ob jec t ives  and expec ta t ions  
have been f u l f i l l e d .  Fur ther  i n s i g h t s  w i l l  be  provided by t h e  
d iscuss ions  of t h e  model and t h e  v a l i d a t i o n  r e s u l t s .  
'The model is  normative i n  t h a t  i t  p r e d i c t s  what t h e  human should do, 
given h i s  l i m i t a t i o n s  and t h e  task .  Thus, f o r  a  new s i t u a t i o n ,  one need 
only determine t h e  ope ra t ive  l i m i t a t i o n s  and what should be  done. The 
f a c t  t h a t  t h i s  assumption works w e l l  i s  testimony t o  t h e  a d a p t a b i l i t y  and 
c a p a b i l i t y  of t h e  t r a i n e d  human opera tor .  
The f i r s t  l a rge-sca le  at tempt  a t  using t h e  machinery of optimal 
c o n t r o l  theory t o  model t he  human c o n t r o l l e r  was i n i t i a t e d  by Elkind e t  a l .  
( r e f .  6). Their  s tudy  demonstrated t h e  f e a s i b i l i t y  of p r e d i c t i n g  c o n t r o l  
c h a r a c t e r i s t i c s  and d i sp l ay  requirements by systems a n a l y s i s  techniques 
based on opt imal  c o n t r o l  theory.  However, extremely s imple ve r s ions  of 
t h e  human's l i m i t a t i o n s ,  information process ing  behavior ,  and compensation 
were used, l ead ing  t o  gaps and d e f i c i e n c i e s  i n  t h e  r e s u l t s .  What is  
e s s e n t i a l l y  t h e  cu r r en t  s t r u c t u r e  of t h e  OCM w a s  f i r s t  proposed by Baron 
and Kleinman ( r e f .  1 ) .  They a l s o  proposed a  v i s u a l  scanning model t h a t  
could be included i n  t h e  opt imiza t ion  framework. Levison, Baron, and 
Kleinman ( r e f .  7 )  e s t a b l i s h e d  t h e  connection between observa t ion  n o i s e  and 
c o n t r o l l e r  remnant, thus  r e l a t i n g  a  measurable human l i m i t a t i o n  t o  
parameters of t he  OCM and provid ing  a  mechanism f o r  p r e d i c t i n g  remnant. 
Baron, Kleinman, e t  al .  ( r e f .  8) used t h e  remnant r e s u l t s  and the  s t r u c t u r e  
developed previous ly  t o  p r e d i c t  human performance i n  a  complex, multi-loop 
VTOL hover t a sk .  These r e s u l t s  demonstrated t h a t  one could proceed from 
r e l a t i v e l y  simple c a l i b r a t i o n  experiments on s i n g l e  d i sp l ays  t o  p r e d i c t i o n  
and explana t ion  of human behavior  i n  more r e a l i s t i c  t a s k s  involv ing  two 
d i sp l ays .  This s tudy  a l s o  revealed t h e  importance of i nc lud ing  bandwidth 
l i m i t a t i o n s  and randomness (motor-noise) a t  t he  c o n t r o l l e r ' s  output  a s  
p a r t  of r ep re sen ta t ion  of human l i m i t a t i o n s .  
Kleinman, Baron, and Levison ( r e f .  2) showed t h a t  t h e  model could be  
used wi th  a r e l a t i v e l y  i n v a r i a n t  s e t  of parameters quan t i fy ing  human 
l i m i t a t i o n s  t o  p r e d i c t  performance i n  t h r e e  b a s i c  t r ack ing  t a s k s  involv ing  
a range of c o n t r o l  s t r a t e g i e s .  Exce l len t  agreement between experimental  
d a t a  and model p r e d i c t i o n s  of desc r ib ing  func t ions ,  remnant s p e c t r a ,  and 
s t a t e  and c o n t r o l  var iances  was obtained.  This provided t h e  most d e t a i l e d  
v a l i d a t i o n  of t h e  model and demonstrated i t s  c a p a b i l i t y  f o r  adapt ing  t o  
d i f f e r e n t  c o n t r o l  s i t u a t i o n s  wi thout  r e s o r t i n g  t o  a u x i l i a r y  adjustment 
r u l e s .  
Baron and Kleinman ( r e f .  9)  app l i ed  the  model t o  s tudy  t h e  human's 
p r e c i s i o n  c o n t r o l  of a hovering VTOL-type veh ic l e .  The e f f e c t s  of 
changes i n  a i r c r a f t  s t a b i l i t y  d e r i v a t i v e s  on rms hovering performance 
were computed us ing  t h e  model. The r e s u l t s  were compared wi th  
experimental  s imula tor  d a t a  and showed e x c e l l e n t  c o r r e l a t i o n  (wi th in  + 1 a 
i n  t h e  da t a )  i n  most cases .  I n  t h i s  s tudy ,  parameters c h a r a c t e r i z i n g  t h e  
p i l o t  were e s s e n t i a l l y  t h e  same as f o r  t h e  b a s i c  t r ack ing  t a s k s  mentioned 
above . 
Kleinman and Baron ( r e f .  10) analyzed a  p i l o t e d  approach-to-landing 
t a s k  t o  eva lua t e  p i c t o r i a l  d i sp l ay  requirements.  This problem involved 
a time-varying information base f o r  t h e  p i l o t .  The e f f e c t s  of d i f f e r e n t  
d i sp l ay  formats and d i sp l ay  symbology were p red ic t ed  i n  cases  where t h e  
a i r c r a f t  was sub jec t ed  t o  turbulence and/or  cons tan t  updra f t s .  The 
a b i l i t y  of t h e  p i l o t  t o  e s t ima te  t hese  e x t e r n a l  d i s turbances  and t ake  the  
app ropr i a t e  c o r r e c t i v e  a c t i o n  t o  minimize g l i d e  pa th  e r r o r s  was analyzed. 
P red ic t ions  of system performance were compared wi th  d a t a  obta ined  i n  
independent experimental  i n v e s t i g a t i o n s .  The model-data agreements were 
e x c e l l e n t  and demonstrated t h e  model's a b i l i t y  t o  p r e d i c t  t h e  time-varying 
a d a p t a b i l i t y  of a  p i l o t  t o  updra f t  d i s turbances .  I n  a d d i t i o n ,  t h e  
agreement between model r e s u l t s  and d a t a  f o r  ca ses  i n  which t h e r e  was no 
turbulence  d i s t u r b i n g  t h e  a i r c r a f t  provided f u r t h e r  evidence of t h e  v a l i d -  
i t y  of t h e  model f o r  human randomness (remnant). 
Theore t i ca l  and empi r i ca l  work proceeded t o  extend t h e  model t o  more 
r e a l i s t i c  s i t u a t i o n s  and more complex systems. Levison e t  a l .  ( r e f .  11) 
developed and t e s t e d  a  mechanism f o r  p red ic t ing  t a sk - in t e r f e rence  i n  
mul t i - task  environments (not  involv ing  scanning) .  I n  a d d i t i o n ,  a  method 
f o r  e s t ima t ing  t h e  r e l a t i v e  a t t e n t i o n a l  workload a s soc i a t ed  wi th  a  given 
t a s k  was devised.  Levison ( r e f .  1 2 )  a l s o  i n v e s t i g a t e d  t h e  r e l a t i o n s h i p  
between observa t ion  n o i s e  and c e r t a i n  d i sp l ay  c h a r a c t e r i s t i c s .  This 
provided d i r e c t  empir ica l  evidence f o r  t h e  s c a l i n g  observa t ion  n o i s e  model 
and a l s o  showed how an equiva len t  observat ion no i se  could be  used t o  
account f o r  pe rcep tua l  th resholds .  Levison and Kleinman ( r e f .  13) modeled 
a  carr ier-approach t a s k  t h a t  involved varying d i sp l ay  ga ins ,  sudden changes 
i n  informat ion  base ,  and a more complex time-varying d is turbance .  Baron 
and Levison ( r e f .  14) used t h e  model as a b a s i s  f o r  a  d i sp l ay  a n a l y s i s  
methodology and app l i ed  i t  t o  t h e  ana lys i s  of v e r t i c a l  s i t u a t i o n  d i sp l ays  
f o r  STOL. The response t o  wind shea r s  and t h e  design of f l i g h t  d i r e c t o r s  
were a l s o  considered.  These l a t t e r  two s t u d i e s  were a n a l y t i c  i n  n a t u r e  
and d i d  n o t  involve  any experimental v e r i f i c a t i o n .  
Kleinman and Kil l ingsworth ( r e f .  15) used the  OCM t o  p r e d i c t  p i l o t  
performance dur ing  t h e  f l a r e  and touchdown phase of STOL a i r c r a f t  landing.  
This  was an ambitious modelling e f f o r t  s i n c e  t h e  veh ic l e  dynamics were 
h igh ly  complex, ground e f f e c t s  and turbulence a f f e c t e d  the  motion of t h e  
a i r c r a f t ,  and t h e  p i l o t  was requi red  t o  land  wi th in  a  s h o r t  touchdown 
a rea .  To ana lyze  t h i s  s i t u a t i o n ,  t he  model was extended t o  i nc lude  the  
genera t ion  of open-loop commands by the  human opera tor .  I n  t h i s  s tudy ,  
model p r e d i c t i o n s  were made f i r s t ;  subsequent comparison of t hese  r e s u l t s  
wi th  t h e  t e s t  d a t a  showed very good agreement. 
Kleinman and Perk ins  ( r e f .  16) used the  OCM i n  an a n t i a i r c r a f t  
t r a c k i n g  t a sk .  The o p e r a t o r ' s  t a s k  was t o  t r a c k  an a i r c r a f t  t a r g e t  i n  
both azimuth and e l e v a t i o n  us ing  a  v i s u a l  gunsight .  The dynamics of t he  
s i g h t  and a s soc i a t ed  gun mount va r i ed  with t ime,  making t h e  t r a c k i n g  
t a s k  very d i f f i c u l t .  I n  a d d i t i o n ,  t h e  t a r g e t  motion could b e  q u i t e  
a r b i t r a r y  (although n o t  s t o c h a s t i c )  and was unknown a  p r i o r i  by t h e  gunner. 
Comparison of model v s .  human ensemble s t a t i s t i c s  f o r  t h e  s e v e r a l  t y p i c a l  
a i r c r a f t  t r a j e c t o r i e s  showed good q u a l i t a t i v e  and q u a n t i t a t i v e  agreement. 
Baron and Levison ( r e f .  17) a l s o  appl ied  t h e  OCM t o  d a t a  obta ined  from a  
s imula ted  a n t i a i r c r a f t  t r ack ing  task .  This a p p l i c a t i o n  demonstrated the  
model's u t i l i t y  i n  a n a l y s i s  and i n t e r p r e t a t i o n  of experimental  da ta .  I n  
p a r t i c u l a r ,  i t  showed t h a t  parameters of t h e  pe rcep tua l  p o r t i o n  of t h e  
OCM were a f f e c t e d  i n  consistent:  ways by manipulation of experimental  
v a r i a b l e s  r e l a t e d  t o  v i s u a l  processing.  
Harvey and Dillow ( r e f .  18)  appl ied  t h e  OCM t o  p r e d i c t  p i l o t  per for -  
mance i n  a i r - t o - a i r  combat. They repor ted  t h a t  "The major conclusion 
is  t h a t  t h e  model worked!" and t h a t  i t  w a s  "reasonably s imple t o  develop." 
S i g n i f i c a n t l y ,  they used model parameters which, wi th  t h e  except ion  of 
motor n o i s e ,  corresponded t o  t hose  used i n  previous a p p l i c a t i o n s  of t h e  OCM. 
The model w a s  a l s o  being used t o  develop sys temat ic  design procedures 
f o r  systems involv ing  closed-loop con t ro l .  As  noted above, Baron and 
Levison ( r e f .  14) proposed a d i sp l ay  design methodology based on the  OCM. 
This methodology u t i l i z e d  performance/workload t r a d e o f f s  generated by t h e  
OCM t o  a r r i v e  a t  information requirements and c e r t a i n  d i sp l ay  requirements 
t o  meet system s p e c i f i c a t i o n s .  S imi la r  i d e a s  were u t i l i z e d  t o  analyze 
both d i sp l ay  and c o n t r o l  c h a r a c t e r i s t i c s  f o r  an a i r c r a f t  wi th  an advanced 
av ion ic s  conf igura t ion  ( r e f .  19) .  Hess ( r e f .  20) proposed a more formal 
d i sp l ay  design procedure us ing  t h e  OCM and included p r e d i c t i o n s  of p i l o t  
r a t i n g  a s  p a r t  of t he  process .  Hoffman, Curry, e t  a l .  ( r e f .  21) developed 
a methodology aimed a t  d i sp l ay  design f o r  h igh ly  automated a i r c r a f t .  
They examined problems of simultaneous monitoring and con t ro l  and explored 
d i f f e r e n t  met r ics  f o r  monitoring performance and workload wi th  the  aim 
of developing techniques f o r  i n v e s t i g a t i n g  t r adeo f f s  between c o n t r o l  and 
d i sp l ay  s o p h i s t i c a t i o n .  
Although d i sp l ay  problems have rece ived  t h e  most a t t e n t i o n ,  o t h e r  
a spec t s  of t h e  system design problem have no t  been neglec ted  completely. 
Levison ( r e f .  22) has  explored t h e  use of t h e  model i n  analyzing c o n t r o l  
s t i c k  design problems i n  a v i b r a t i o n  environment. S tengel  and Broussard 
( r e f .  23) have used t h e  b a s i c  s t r u c t u r e  of t h e  OCM, a long wi th  some 
assumptions concerning suboptimal adap ta t ion ,  t o  determine s t a b i l i t y  
boundaries  i n  high-g maneuvering f l i g h t .  And, r e c e n t l y ,  Schmidt ( r e f .  24) 
has  proposed a design procedure f o r  s t a b i l i t y  augmentation systems based 
on closed-loop a n a l y s i s  wi th  t h e  OCM. 
The increased  i n t e r e s t  i n  f l i g h t  s imu la to r s  has  spur red  some 
a d d i t i o n a l  ex tens ions  and app l i ca t ions  of t he  model. Grunwald and Merhav 
( r e f .  25)  and Wewerinke ( r e f .  26) have incorpora ted  mechanisms f o r  
desc r ib ing  t h e  u t i l i z a t i o n  of e x t e r n a l  v i s u a l  cues i n  t h e  OCM and have 
obta ined  pre l iminary  experimental  v a l i d a t i o n  of t h e i r  approaches. Although 
t h e  s u b t l e t i e s  and complexi t ies  a s soc i a t ed  wi th  human percept ion  of a 
complex scene a r e  by no means reso lved ,  t hese  s t u d i e s  do suggest  t h a t  t he  
OCM could be use fu l  f o r  analyzing closed-loop c o n t r o l  behavior  based on 
e x t e r n a l  v i s u a l  cues. The OCM has  a l s o  been used t o  model continuous 
c o n t r o l  performance i n  a multi-cue environment. Levison and Junker ( r e f .  27) 
s t u d i e d  r o l l - a x i s  t r a c k i n g  i n  d is turbance- regula t ion  and ta rge t - fo l lowing  
t a s k s  and compared performance when only v i s u a l  cues were a v a i l a b l e  with 
performance when t h e  v i s u a l  cues were augmented wi th  confirming motion 
cues.  They found t h a t  t h e  OCM could provide a task-independent framework 
f o r  exp la in ing  performance under a l l  p o s s i b l e  experimental  condi t ions .  
The a v a i l a b i l i t y  of motion cues was modelled by augmenting t h e  s e t  of 
pe rcep tua l  v a r i a b l e s  t o  i nc lude  p o s i t i o n ,  r a t e ,  a c c e l e r a t i o n ,  and 
a c c e l e r a t i o n  r a t e  of t h e  motion s imu la to r .  This s t r a igh t fo rward  
informat iona l  model allowed accu ra t e  model p r e d i c t i o n s  of t h e  e f f e c t s  of 
motion cues on a v a r i e t y  of response measures, f o r  both t h e  t a r g e t -  
fol lowing and d is turbance- regula t ion  t a s k s .  
I n  a somewhat d i f f e r e n t  ve in ,  Baron, Muralidharan, and Kleinman 
( r e f .  28) used t h e  OCM t o  develop a closed-loop model f o r  ana lyz ing  
engineer ing  requirements f o r  f l i g h t  s imula tors .  They p red ic t ed  the  e f f e c t s  
on performance of c e r t a i n  s imula t ion  design parameters,  such a s  an i n t e -  
g r a t i o n  scheme and a sample r a t e .  Model p red ic t ions  were l a t e r  v e r i f i e d  
i n  an empi r i ca l  s tudy  by Ashworth e t  al.  ( r e f .  2 9 ) .  
The above s t u d i e s  a l l  focused on t h e  ope ra to r  i n  continuous c o n t r o l  
t a s k s .  But t h e  s t r u c t u r e  of  t h e  OCM, p a r t i c u l a r l y  t h e  informat ion  
process ing  submodel, a l s o  lends  i t s e l f  t o  modelling t a s k s  i n  which 
monitoring and decision-making a r e  t h e  major concerns of t h e  opera tor .  The 
f i r s t  a t tempt  t o  e x p l o i t  t h i s  aspec t  of t h e  OCM was by Levison and Tanner 
( r e f .  30) who s tud ied  t h e  problem of how w e l l  s u b j e c t s  could determine 
whether a s i g n a l ,  embedded i n  added n o i s e ,  was wi th in  s p e c i f i e d  to l e rances .  
Thei r  experiments were a v i s u a l  analog of c l a s s i c a l  s i g n a l  d e t e c t i o n  
experiments except  t h a t  "s ignal-present"  corresponded t o  t he  s i t u a t i o n  of 
the  s i g n a l  being w i t h i n  to l e rance .  They r e t a ined  t h e  e s t i m a t o r / p r e d i c t o r  
and t h e  equ iva l en t  perceptua l  models of t he  OCM and replaced the  c o n t r o l  
law wi th  an opt imal  (Bayesian) dec is ion  r u l e  j u s t  a s  has been used i n  
some popular  behav io ra l  decis ion-theory models. Model p r e d i c t i o n s  compared 
favorably  wi th  experimental  d a t a  f o r  a v a r i e t y  of condi t ions  involv ing  
d i f f e r e n t  s i g n a l l n o i s e  r a t i o s  and d i f f e r e n t  n o i s e  bandwidths. 
Phatak and Kleinman ( r e f .  31) examined t h e  a p p l i c a t i o n  of t he  OCM 
information process ing  s t r u c t u r e  t o  f a i l u r e  d e t e c t i o n  and suggested 
s e v e r a l  p o s s i b l e  t h e o r e t i c a l  approaches t o  t h e  problem. Gai and Curry 
( r e f s .  32 and 33) used t h e  OCM information process ing  s t r u c t u r e  t o  
analyze f a i l u r e  de t ec t ion  i n  a simple l abo ra to ry  t a s k  and i n  an experiment 
s imu la t ing  p i l o t  monitoring of an automatic  approach. They r epor t ed  good 
agreement between p red ic t ed  and observed de t ec t ion  times f o r  both the  
s imple and more r e a l i s t i c  s i t u a t i o n s .  I n  t h e  l a t t e r  ca se ,  t he  model was 
used i n  a mult i - instrument  monitor ing t a s k  and accounted f o r  a t t e n t i o n  
s h a r i n g  i n  t h e  usua l  OCM fash ion .  
F i n a l l y ,  a s  i n d i c a t i v e  of f u t u r e  d i r e c t i o n s  f o r  OCM r e sea rch ,  a 
r ecen t  s tudy  of Muralidharan and Baron ( r e f .  34) should b e  mentioned. 
In  t h i s  work, t h e  information process ing  s t r u c t u r e  of t h e  OCM w a s  used 
i n  conjunct ion wi th  c o n t r o l  and dec i s ion  t h e o r e t i c  i deas  t o  model 
ground-based ope ra to r  c o n t r o l  of a number of remotely p i l o t e d  veh ic l e s .  
Though t h e  r e s u l t s  have no t  been sub jec t ed  t o  experimental  v a l i d a t i o n ,  they 
demonstrate t h a t  t hese  techniques a r e  s u i t e d  t o  the  a n a l y s i s  of systems i n  
which ope ra to r s  make dec is ions  a t  d i s c r e t e  t imes and e x e r c i s e  d i r e c t  
c o n t r o l  i n f r equen t ly .  I n  o t h e r  words, t he  techniques appear s u i t a b l e  
f o r  superv isory  c o n t r o l  problems. 
MODEL DES CRIPTI ON 
I n  t h i s  s e c t i o n ,  t h e  d e t a i l e d  s t r u c t u r e  of t h e  OCM i s  reviewed. The 
d i scuss ion  w i l l  be  conceptual  and ve rba l ;  t he  reader  i s  r e f e r r e d  t o  t he  
previous  r e f e rences ,  p a r t i c u l a r l y  re ferences  2 and 8, f o r  mathematical 
d e t a i l s .  Also, some r e l a t i o n s  t o  more t r a d i t i o n a l  human performance 
t h e o r i e s  w i l l  b e  mentioned. 
I n  o rde r  t o  apply t h e  OCM, t h e  fol lowing f e a t u r e s  of t h e  environment 
must be  given: 1 )  a l i n e a r i z e d  s t a t e  v a r i a b l e  r ep re sen ta t ion  o r  model of 
t h e  system be ing  c o n t r o l l e d ;  2)  a s t o c h a s t i c  o r  d e t e r m i n i s t i c  represen-  
t a t i o n  of t h e  d r i v i n g  func t ion  o r  environmental d i s turbances  over which 
t h e  ope ra to r  must e x e r t  c o n t r o l ;  3) a l i n e a r i z e d  "display vec tor"  
summarizing t h e  sensory information u t i l i z e d  by t h e  ope ra to r  ( i nc lud ing  
v i s u a l ,  v e s t i b u l a r ,  and o t h e r  sources  as appropr ia te )  ; and 4) a  
q u a n t i t a t i v e  s ta tement  of t h e  c r i t e r i o n  o r  performance index f o r  
a s s e s s i n g  operator/machine performance. C r i t e r i a  such a s  minimizing rms 
t r a c k i n g  e r r o r  and c o n t r o l  e f f o r t  a r e  t y p i c a l .  The s p e c i f i c  assumptions 
concerning t h i s  d e s c r i p t i o n  t h a t  a r e  necessary  t o  apply t h e  theory a r e  
given i n  r e f e rence  2. 
Given t h i s  environmental d e s c r i p t i o n ,  t h e  model of t h e  o p e r a t o r ' s  
behavior  i nco rpora t e s  t h e  elements shown i n  Figure 1. The f i g u r e  
i l l u s t r a t e s  only a s i n g l e  dimensional c o n t r o l  t a s k  but  t h e  v a r i a b l e s  
i l l u s t r a t e d  should b e  regarded as multi-dimensional vec to r s .  F i r s t ,  t h e  
d isp layed  v a r i a b l e s  a r e  assumed t o  be  cor rupted  by "observa t iona l  noise"  
in t roduced  by t h e  human operator .2  This no i se  i s  analogous t o  t h e  i n t e r n a l  
n o i s e  l e v e l  p o s t u l a t e d  i n  s i g n a l  de t ec t ion  theory and provides one means 
by which t h e  model can mimic human l i m i t a t i o n s  i n  process ing  and 
a t t e n t i o n a l  capac i ty .  D i f f e ren t  n o i s e  l e v e l s  may b e  assumed f o r  d i f f e r e n t  
d i sp layed  v a r i a b l e s ,  and, i f  s e v e r a l  v i s u a l  d i sp l ays  a r e  provid ing  u s e f u l  
in format ion ,  t h e  n o i s e  l e v e l  a s soc i a t ed  wi th  each may b e  ad jus t ed  t o  
account f o r  t h e  d i s t r i b u t i o n  of a t t e n t i o n  assigned by t h e  ope ra to r .  
A l t e r n a t i v e l y ,  a model of a t t e n t i o n a l  scanning ( r e f .  11)  may be in t roduced  
t o  p r e d i c t  the  n o i s e  l e v e l  a s soc i a t ed  wi th  each v a r i a b l e  i n  o r d e r  t o  
produce opt imal  performance wi th  r e spec t  t o  t h e  c r i t e r i o n  v a r i a b l e .  This 
a t t e n t i o n  s h a r i n g  model i s  c r u c i a l  f o r  p r e d i c t i n g  performance i n  complex, 
m u l t i v a r i a b l e  t a s k s .  It can a l s o  s e r v e  as a b a s i s  f o r  developing a  
v a r i e t y  of ope ra to r  monitor ing models ( r e f .  35). 
A t  t h i s  po in t  t h e  model is  dea l ing  wi th  a  noisy  r ep re sen ta t ion  of 
t h e  d isp layed  q u a n t i t i e s .  That r ep re sen ta t ion  is  then delayed by an 
amount, T ,  r ep re sen t ing  i n t e r n a l  human process ing  delays.  It i s  p o s s i b l e  
t o  assume d i f f e r e n t i a l  de lays  f o r  d i f f e r e n t  sensory channels ,  b u t  t h i s  
a d d i t i o n a l  complication has  n o t  been found necessary i n  p a s t  model 
a p p l i c a t i o n s  t o  manual c o n t r o l  da ta .  
L I f  v i s u a l  o r  i n d i f f e r e n c e  thresholds  a r e  important ,  such a s  wi th  
nonidea l  d i s p l a y s  o r  e x t e r n a l  v i s u a l  cues,  t h e s e  can b e  in t roduced  i n  
t h e  model a t  t h i s  po in t  ( r e f .  10) .  The method employed involves  a  
s t a t i s t i c a l  t h re sho ld  t h a t  r e s u l t s  i n  a r ap id  i n c r e a s e  i n  observa t ion  
n o i s e  when t h e  s i g n a l  i s  below t h e  assumed threshold  value.  This i s  
d i r e c t l y  analogous t o  t h e  th re sho ld  not ions  of s i g n a l  de t ec t ion  theory.  
The c e n t r a l  elements of t he  model a r e  represented  i n  the  blocks 
descr ibed as t h e  Kalman e s t ima to r  and p red ic to r .  Thei r  purpose i s  t o  
genera te  t h e  b e s t  e s t ima te  of t h e  cu r r en t  s t a t e  of t h e  displayed v a r i a b l e s ,  
based on t h e  n o i s y ,  delayed pe rcep tua l  information a v a i l a b l e .  These 
blocks compute t h e  e s t ima te  of t h i s  s t a t e  s o  a s  t o  minimize the  r e s i d u a l  
e s t ima t ion  unce r t a in ty .  What i s  being captured is  a  r ep re sen ta t ion  of 
t he  o p e r a t o r ' s  a b i l i t y  t o  c o n s t r u c t ,  from h i s  understanding of t h e  system 
and h i s  incomplete knowledge of t he  moment-by-moment s t a t e  of t h e  system, 
a  s e t  of expec tanc ies  concerning t h e  system behavior  at t h e  nex t  moment 
i n  time. It i s  i n  t hese  blocks t h a t  i t  i s  assumed t h a t  t h e  ope ra to r  has  
both  an i n t e r n a l  model of t h e  dynamics of t h e  system be ing  con t ro l l ed  and 
a  r ep re sen ta t ion  of  t h e  s t a t i s t i c s  of t h e  d is turbances  d r i v i n g  t h e  system. 
This r e p r e s e n t a t i o n  i s  analogous t o  t h e  schema of cu r r en t  human performance 
t h e o r i e s ,  and i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  i n  t h i s  formulat ion,  t he  
schema must i nco rpora t e  knowledge of bo th  t h e  expected s i g n a l s  and t h e  
system dynamics be ing  con t ro l l ed .  
Given t h e  b e s t  e s t ima te  of t h e  cu r r en t  system s t a t e ,  t he  next  block 
a s s igns  a  s e t  of c o n t r o l  ga ins  o r  weight ing f a c t o r s  t o  t h e  elements of 
t he  es t imated  s t a t e  i n . o r d e r  t o  produce c o n t r o l  a c t i o n s  t h a t  w i l l  minimize 
t h e  de f ined  performance c r i t e r i o n .  As might be  expected, t he  p a r t i c u l a r  
choice of t h e  performance c r i t e r i o n  determines t h e  weight ing f a c t o r s  and 
thus  t h e  e f f e c t i v e  con t ro l  law ga ins .  
J u s t  as an observa t ion  no i se  i s  pos tu l a t ed  t o  account f o r  i n p u t  
process ing  inadequacies ,  a motor n o i s e  is introduced t o  account f o r  an 
i n a b i l i t y  t o  genera te  noise- f ree  output  c o n t r o l  a c t i o n s .  I n  many 
a p p l i c a t i o n s  t h i s  n o i s e  l e v e l  i s  i n s i g n i f i c a n t  i n  comparison t o  t h e  
observa t ion  no i se ,  bu t  where very p r e c i s e  c o n t r o l  is  important t o  the  
condi t ions  be ing  analyzed, motor n o i s e  can assume g r e a t e r  s i g n i f i c a n c e  i n  
t h e  model. F i n a l l y ,  t h e  noisy  output  i s  assumed t o  be f i l t e r e d  o r  smoothed 
by a  f i l t e r  t h a t  accounts  f o r  an ope ra to r  bandwidth c o n s t r a i n t .  I n  t h e  
model, t h i s  c o n s t r a i n t  a r i s e s  d i r e c t l y  a s  a r e s u l t  of a  pena l ty  on 
excess ive  c o n t r o l  r a t e s  introduced i n t o  t h e  performance c r i t e r i o n .  The 
c o n s t r a i n t  may mimic a c t u a l  phys io log ica l  c o n s t r a i n t s  of t he  neuromotor 
system o r  i t  may r e f l e c t  s u b j e c t i v e  l i m i t a t i o n s  imposed by t h e  ope ra to r .  
As  t h e  previous d i scuss ion  shows, c o n t r o l  s t r a t e g y  and motor 
response a r e  s epa ra t ed  from information process ing  i n  t h e  OCM. This 
s t r u c t u r e  a l lows  t h e  OCM t o  b e  modified s o  a s  t o  t r e a t  decision-making 
problems. The e s t ima to r /p red ic to r  po r t ion  of t h e  model genera tes  a l l  
t h e  s t a t i s t i c a l  information necessary f o r  optimal decision-making, given 
t h e  assumptions t h a t  have been made concerning the  system. Thus, by 
simply r ep lac ing  t h e  c o n t r o l  law wi th  an  appropr i a t e  dec is ion  r u l e ,  one 
has  a  t h e o r e t i c a l  model f o r  human dec is ion  making. For a  normative 
model, t h e  dec i s ion  r u l e  must be  determined from opt imiza t ion  of an 
appropr i a t e  dec is ion  c r i t e r i o n  (such a s  expected u t i l i t y ) .  
This ,  t hen ,  provides a  conceptual  d e s c r i p t i o n  of t he  elements of t he  
Optimal Control  Model of the  human opera tor .  I t  should be  emphasized 
t h a t  t he  parameter values t h a t  must  be provided by the  i n v e s t i g a t o r  
correspond t o  t h e  human l i m i t a t i o n s  t h a t  cons t r a in  behavior.  With these  
l i m i t a t i o n s  a s  t h e  c o n s t r a i n t s  w i th in  which performance is produced, the  
model p r e d i c t s  t h e  b e s t  t h a t  t h e  opera tor  can do. A l a r g e  backlog of 
empi r i ca l  research  provides t h e  d a t a  necessary t o  make r e a l i s t i c  e s t ima te s  
of t h e  app ropr i a t e  parameter s e t t i n g s  i n  t h e  manual c o n t r o l  contex t .  This 
research  has shown t h a t  t hese  parameters a r e  r e l a t i v e l y  i n v a r i a n t  wi th  
r e spec t  t o  changes i n  t a s k  environment, thus  enhancing t h e  model's 
p r e d i c t i v e  capac i ty .  
OCM VALIDATION STUDIES 
The Optimal Control  Model has  been va l ida t ed  a g a i n s t  experimental  
d a t a  f o r  a  v a r i e t y  of t a s k s ,  and d e t a i l e d  r e s u l t s  may be found i n  t h e  
previous ly  c i t e d  re ferences .  Here, a few of t h e s e  r e s u l t s  a r e  presented  
i n  o rde r  t o  provide t h e  reader  w i th  more of t h e  background and wi th  some 
f e e l i n g  f o r  t h e  modelling accuracy a t t a i n a b l e  w i th  t h e  OCM. 
F igures  2 and 3 (from r e f .  2) i l l u s t r a t e  t h e  model's v a l i d i t y  f o r  
two s imple ,  b u t  important systems : r a t e  (K/s) and a c c e l e r a t i o n  ( ~ 1 s ~ )  
command systems. I n  t h e  f i g u r e s ,  measured and t h e o r e t i c a l  human 
c o n t r o l l e r  desc r ib ing  func t ions  (he) and remnant s p e c t r a  (arr)  a r e  
compared. The desc r ib ing  func t ion  gain and phase may be  thought of a s  
measures of c o n t r o l  s t r a t e g y ,  whereas t h e  remnant may be considered a  
measure of ope ra to r  randomness. As  can be seen ,  t h e  model reproduces t h e  
c h a r a c t e r i s t i c s  of t h e  s u b j e c t s  wi th  remarkable f i d e l i t y .  Moreover, t h e  
parameters of t h e  model t h a t  quan t i fy  p i l o t  l i m i t a t i o n s  a r e  v i r t u a l l y  
constant  f o r  t h e  two s i t u a t i o n s .  Table 1 compares measured and t h e o r e t i c a l  
s co re s  f o r  t h e  above cases .  Resul ts  f o r  a  p o s i t i o n  command (K) system 
and f o r  two t a sks  involv ing  a t t i t u d e  r egu la t ion  of a  high performance 
a i r c r a f t  a r e  a l s o  shown. It i s  important  t o  n o t e  t h a t  t hese  r e s u l t s  were 
obtained wi th  a  h ighly  cons tan t ,  though no t  i d e n t i c a l ,  s e t  of parameter 
va lues .  (See r e f .  36.) 
These e a r l y  s ingle- input  s ingle-output  s t u d i e s  served  as the  b a s i c  
means of v a l i d a t i n g  t h e  model, b u t  t h e  OCM was p r i n c i p a l l y  d i r e c t e d  a t  
modelling human performance i n  more complicated s i t u a t i o n s .  As  w e  have 
d iscussed ,  an important  p a r t  of t h i s  modelling is  accounting f o r  
a t t en t ion - sha r ing  on t h e  p a r t  of t he  opera tor .  The b a s i c  empi r i ca l  
v a l i d a t i o n  f o r  t h e  a t t en t ion - sha r ing  model was obtained i n  a  four-axis  
t r a c k i n g  t a s k  ( r e f .  11) .  In  t h i s  t a s k ,  s u b j e c t s  had t o  c o n t r o l  f o u r  
independent ra te -cont ro l  systems wi th  the  e r r o r s  i n  each system presented  
on sepa ra t ed  d i sp l ays .  The s u b j e c t s  were requi red  t o  f i x a t e  one d i sp l ay  
and use p e r i p h e r a l  v i s i o n  f o r  t r ack ing  t h e  o t h e r  axes throughout the  
experiment ( i .  e .  , scanning was no t  allowed).  The r e s u l t s  f o r  each a x i s  
performed a lone  and f o r  a l l  fou r  t oge the r  a r e  presented  i n  Table 2. Again, 
t h e o r e t i c a l  and measured r e s u l t s  a r e  i n  c l o s e  agreement. Note t h a t  t h e  
e f f e c t  of i n t e r f e r e n c e  on t o t a l  s c o r e  i s  p red ic t ed  b e t t e r  than i t s  e f f e c t  
on i n d i v i d u a l  scores .  This appears t o  be t r u e  i n  o t h e r  tests of t h e  
i n t e r f e r e n c e  model, too. Analy t ic  i n v e s t i g a t i o n s  of t h e  t a s k s  show t h a t ,  
f o r  t h e s e  experiments ,  t r a d e o f f s  i n  performance between subtasks  do n o t  
e f f e c t  o v e r a l l  performance s u b s t a n t i a l l y .  $Then t h i s  i s  t h e  case ,  t h e  
s u b j e c t s  a r e  not  motivated t o  seek  t h e  "absolute" opt imal  a l l o c a t i o n  (and 
they may no t  o b t a i n  t h e  necessary feedback i n  t r a i n i n g ) .  Then, 
i d i o s y n c h r a t i c  behavior  becomes more acceptab le .  The e f f e c t s  of a t t e n t i o n  
s h a r i n g  on t h e  ope ra to r ' s  desc r ib ing  func t ion  and remnant a r e  given i n  
r e f e rence  16. The r e s u l t  of adding a  t a s k  i s  an inc rease  i n  remnant, a  
decrease i n  ope ra to r  ga in ,  and an inc rease  i n  high frequency phase l ag .  
A l l  t h e s e  e f f e c t s  a r e  p red ic t ed  q u i t e  accu ra t e ly  by t h e  OCM and t h e  
a t t en t ion - sha r ing  model. 
CONCLUDING REMARKS 
To summarize, t h e  OCM has  proven capable of p r e d i c t i n g  o r  matching 
human performance wi th  cons iderable  f i d e l i t y  i n  a  v a r i e t y  of t a s k s .  Model 
parameters  t h a t  account f o r  b a s i c  human l i m i t a t i o n s  have been i s o l a t e d  
and shown t o  be  e s s e n t i a l l y  independent of system dynamics and fo rc ing  
func t ion  c h a r a c t e r i s t i c s ;  t h i s  enhances t h e  model's p r e d i c t i v e  c a p a b i l i t y .  
Furthermore, submodels and parameters t h a t  r e f l e c t  changes i n  d i sp l ay  
c h a r a c t e r i s t i c s  (such a s  t h re sho lds ,  mu l t ip l e  d i sp l ays ,  e t c . )  have been 
developed. An advantage of t h e  OCM is  t h a t  i t  conta ins  an e x p l i c i t  model 
f o r  information process ing  t h a t  a l s o  allows i t  t o  be used f o r  ana lyz ing  
monitor ing and decision-making behavior.  
There a r e ,  of course,  l i m i t a t i o n s  and problems a s soc i a t ed  wi th  t h e  
model and i t s  app l i ca t ion .  A major problem i s  t h e  s e l e c t i o n  of an 
appropr i a t e  performance index i n  complex, r e a l i s t i c  t a sks .  Though f a i r l y  
sys t ema t i c  methods e x i s t  f o r  making t h i s  s e l e c t i o n ,  t h e r e  i s  no guarantee 
t h a t  human ope ra to r s  w i l l  optimize t h e  c r i t e r i o n  s e l e c t e d  by t h e  t h e o r i s t  
r a t h e r  than some o t h e r ,  s u b j e c t i v e  one. Another l i m i t a t i o n  is  the  
assumption of a  p e r f e c t  i n t e r n a l  model. While t h i s  works q u i t e  w e l l  f o r  
t r a i n e d  ope ra to r s ,  i t  can cause problems i n  modeling t h e  performance of 
na ive  s u b j e c t s  (such a s  t hose  i n  t r a i n i n g )  and can inc rease  computational 
complexity beyond t h a t  which i s  necessary .  
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SUMMARY 
SAINT is an acronym for: Systems Analysis of Integrated Networks of 
Tasks. SAINT is a network modeling and simulation technique for design and 
analysis of complex man-machine systems. SAINT provides the conceptual frame- 
work for representing systems that consist of discrete task elements, continu- 
ous state variables, and interactions between them. It provides a mechanism 
for combining human performance models and dynamic system behaviors in a 
single modeling structure. SAINT facilitates an assessment of the contribu- 
tion that system components make to overall system performance. 
INTRODUCTION 
SAINT is a computer simulation tool for modeling and analyzing man- 
machine systems. While SAINT was designed for modeling manned systems in 
which human performance is a major concern, it is potentially applicable to 
to a broad class of problems--those in which discrete and continuous elements 
are to be portrayed and the behavior exhibits time varying properties. SAINT 
provides a mechanism for describing these dynamics so analyses can be per- 
formed. 
SAINT evolved from two separate technologies. Task analysis and the 
Monte Carlo simulation of operator performance under workload stress as repre- 
sented by Siegel and Wolf (ref. 1) were the origin for the human factors de- 
velopment. Many of the features eventually incorporated into SAINT were 
identified as requirements based upon experience in applying this technology. 
The second origin of SAINT was in the GASP family of simulation techniques 
(ref. 2). The earliest version of SAINT was an incorporation of the Siegel- 
Wolf model in a modified P-GERT package (ref. 3). The subsequent evolution 
of SAINT adapted features of GASP IV and allowed SAINT to become a flexible, 
sophisticated, combined modeling technique where networks of discrete events 
could be modeled along with the dynamics of continuous processes. 
It is this ability to combine models of dynamics (e.g., aircraft equa- 
tions of motion) with models of discrete activity sequences (e.g., operator 
actions) that permits the systems analyst to describe both hardware and human 
performance in the context of a single model. This affords the system engi- 
neer the opportunity to analyze system effectiveness and quantify the relative 
contributions of man and machine. 
SAINT CONCEPTS 
For the discrete event simulation, a graphical-network approach to model- 
ing is taken, whereby a user of SAINT describes the system to be analyzed via 
a network model and auxiliary descriptions (e.g., equipment and operator per- 
formance parameters). A symbol set has been devised for diagraming the dis- 
crete task network. The SAINT computer simulation program accepts a descrip- 
tion of the network to be simulated and automatically performs an analysis 
to obtain statistical estimates of system performance. For the continuous 
process representation, the user is expected to provide FORTRAN statements 
of the relevant state equations to be solved. Mechanisms are provided for 
creating an interaction between the discrete and continuous components of the 
mode 1. 
Discrete Task-Oriented Model Component 
The discrete task-oriented component of the SAINT model consists of nodes 
and branches, each node representing a task. Tasks are described by a set of 
characteristics (e.g., performance time duration, priority, resource require- 
ments). Branches connecting the nodes indicate precedence relations and are 
used to model the sequencing and looping requirements among the tasks. Complex 
precedence relations have been designed into SAINT to allow predecessor-suc- 
cessor relationships which are deterministic, probabilistic, and conditional. 
Resources, either human operators or hardware equipment, perform the ta'sks in 
accordance with the network prescribed precedence relations, subject to re- 
source availability. The precedence relations also indicate the flow of 
information through the network. Information is organized into packets, with 
each packet containing attributes that characterize the information being pro- 
cessed. The information packet can characterize items flowing through the 
network, or any other concept related to network flow. When a task is com- 
pleted, the information packet residing at the task is transmitted along each 
precedence branch selected. Information attribute values can be assigned or 
modified at any task in the network and can influence both task performance 
times and task branching relations. 
Resources perform tasks either individually or in groups. Each resource 
included in a SAINT model is described by a set of attributes. These attri- 
butes are also organized into packets, with each packet characterizing a par- 
ticular resource. Examples of operator attributes include such parameters as 
level of training, age, height, etc. Machine reliability is an example of an 
equipment attribute. Resource attributes are used in conjunction with the task 
descriptions in order to make a general network model resource-specific. The 
initial values of these user-defined resource attributes are assigned prior to 
the start of the simulation. The values may be dynamically changed at any 
task in the network and can be used as parameters in determining both task 
performance times and precedence relations. 
In many instances it may be desirable to specify attributes which are not 
directly applicable to an information-oriented or resouce-oriented characteri- 
zation. These attributes are global in nature and do not flow through or move 
about the network as information and resource packets do. Temperature and time 
remaining in a mission are examples of model parameters which may be character- 
ized as system attributes. Just as with information and resource attributes, 
system attributes may influence the task network performance and flow. 
Each task in a SAINT network has two requirements which must be satisfied 
before the task can be performed. First, a specified number of predecessor 
tasks must be completed before the task is released. Second, once the task 
has been released, the resources required to perform the task must be avail- 
able (that is, not be busy performing other tasks). All tasks which have 
been released (all predecessor requirements have been satisfied) but whose 
required resources are not available are ranked in a queue according to their 
priority. Task priority may be assigned at the start of the simulation and 
may change dynamically as a function of system parameters and contingencies. 
When the required resources become available with task completions, the tasks 
in the waiting queue are started. The time to perform a task may be specified 
as a random variable defined by a probability distribution. SAINT supplies 
the user with 11 different distributions (Normal, Gamma, Beta, Weibull, etc.) 
Frequently the task performance time is also a function of the type of 
task, the resource or resources performing the task, the status of the system, 
or the condition of the environment at the time the task is executed. SAINT 
provides for the specification of factors which influence task performance via 
user-written moderator functions. It is presumed the modeler can describe 
(e.g., by least squares techniques) the functional relationshps between a set 
of conditions and a performance parameter or attribute of interest. For ex- 
ample, one might hypothesize that fatigue affects operator performance such 
that the average task time increases as a function of mission duration. Re- 
search data must be obtained to postulate the functional form of this relation- 
ship and fit a curve to these results. This empirically derived relationship 
can then be implemented in SAINT as a moderator function to determine the 
possible impact fatigue could have on operator performance. In addition to 
moderator functions, user-written functions can be developed for specifying 
attribute assignments. Both types of functions are written in FORTRAN or a 
FORTRAN-compatible language. 
Contingencies, decision making, and emergency conditions can be repre- 
sented via SAINT'S flexible attribute assignment and branching logic. SAINT 
provides two additional mechanisms for modeling system performance. 
The first of these is termed task modification.. This feature enables the 
user to modify task parameters as a function of ongoing system events. For 
example, consider a task which may require repetition due to a possibility of 
failure on the first attempt. The second time the task is performed the per- 
formance time may be significantly smaller than the initial execution. SAINT 
provides for the modification of the task time distribution after the initial 
attempt. Other task parameters can be modified in a similar fashion. 
The second SAINT modeling construct of interest is "clearing". Both 
tasks and resources can be cleared. "Task" clearing halts a specified task in 
progress, contingent on the completion of another task. "Resource" clearing 
halts whatever task t$e specified resource is performing. Both types of clear- 
ing may specify an additional task to be signaled. As an example, consider 
the simulation of an emergency condition in which all operators must stop 
their ongoing activites to assist in the emergency operations. This situation 
is best modeled in SAINT with resource clearing. The onset of the unexpected 
event would "free-up" (clear) the operators. Concurrently, emergency handling 
tasks would be signaled for initiation (and release if all other precedents 
were satisfied). Task and resource clearing provide dynamic realism in man- 
machine simulation modeling. The network symbol used to diagram a task in a 
SAINT model is illustrated in Figure 1. The input side of the node reflects 
the precedence requirements for releasing a task. The number of requirements 
for releasing a task the first time is on the top (PR1) and the number of 
requirements for releasing a task on subsequent times is on the bottom (PR2). 
The center portion of the task symbol contains all task description in- 
formation, such as performance time characteristics, statistics to be collect- 
ed, and attributes to be assigned. It is subdivided into rows, with each row 
containing a specific type of descriptive information about the task. Further, 
'each row is divided into two parts. The left-hand part contains the task de- 
scription code. It is used to identify the type of information that appears 
in the right-hand part of the row, and can be any of the 17 available codes 
shown in Table I. 
The LABL permits an eight character identifier to be associated with this 
node to depict the nature of the tasklactivity represented. The TIME parameters 
indicate the distribution type and parameter values for the characterization 
of task duration. If activity times are known to be a function of specifiable 
factors (e.g., task, system, or information attributes), a moderator function 
(MODF) may be employed (as a FORTRAN subroutine) to generate the activity 
duration instead of generating a time value by Monte Carlo methods. If Monte 
Carlo methods are employed (via TIME specification), a modification can be 
effected during model execution by using the DMOD feature to identify an alter- 
nate distribution and/or parameter set when specified event conditions prevail. 
RESR may be used to specify the type and quantity of resources and whether 
multiple resources imply substitution ("or") rather than conjoint ("and") 
requirements. If priority (PRTY) is a concern, it can be specified a priori 
and subsequently manipulated dynamically during model execution. Since infor- 
mation packets can arrive at a task from several sources, but only one will 
exit, it is necessary to specify which incoming packet will be passed along, 
INCM. The default condition for processing information packets is to simply 
pass the last one arriving at the node. If different predecessor completions 
are required in order for the task to be released, the DIFF option must be 
specified. Otherwise the multiple occurrence of any predecessor may cause the 
task to be prematurely released. When two or more tasks have identical com- 
pletion times, it is necessary to specify which will take precedence (PREC) 
over the others. User-defined task characteristics (UTCH) permit the user to 
specify additional attributes of a task (e.g., difficulty, complexity, etc.), 
and these attributes can be modified upon task execution. Information, re- 
source, and system attributes can be assigned or updated (ATAS) upon task 
release, start, or completion as required. The statistics to be collected 
(STAT) are described in subsequent discussion. A particular task can be used 
to mark the start point (MARK) for timing how long it takes to traverse a path 
to some other task of interest. The MARK feature allows elapsed time compu- 
tations within the network (e.g., time between events). Task and resource 
clearing operations are established by specifying the appropriate parameters 
associated with the TCLR and RCLR mnemonics. Upon completion of a task, SWIT 
allows a switch or flag to be set for subsequent examination in the continuous 
state variable component of the model. The REGL mnemonic is used as a device 
for regulating values employed in the continuous process model, where a task 
is permitted to alter a state variable, for example. 
By selectively using these description codes, only the information neces- 
sary to describe a task need be shown on the task symbol. In this manner, 
any or all of the task description codes can be specified for a particular 
task. If more than the four rows provided are required for a complete descrip- 
tion, the user simply adds the necessary number of additional rows to the 
bottom of the task description portion of the task symbol. 
The output side of the node contains the task number (TSK). In addition, 
the shape of the output side indicates the branching operation to be performed 
upon task completion. It specifies the process to be employed in selecting 
the successor tasks whose precedence requirements should be reduced by one. 
The four branching types included in SAINT are deterministic, probabilistic, 
conditional take-first, and conditional take-all. Their shapes are depicted 
in Figure 2. 
When deterministic branching is specified, the number of requirements 
for all successor tasks is reduced by one. For probabilistic branching, each 
branch emanating from the task has an associated probability of selection. 
These probabilities may be specified directly or obtained from information, 
operator or system attributes. Only a single successor task is selected. For 
conditional take-first branching, each branch has an associated condition, 
and the branches are ordered. Each condition is tested in the prescribed 
order, and the first branch whose condition is satisfied is selected. Condi- 
tional take-all branching operates in the same manner, but selects all branches 
whose conditions are satisfied. Conditions may be based on task completions, 
simulated time, or attribute values. 
The above discussion only included the basic task node symbology. Addi- 
tional symbolism is available for task modification, task signaling as a re- 
sult of task or resource clearing, task signaling resulting from a threshold 
crossing, and state variable monitors (refs. 4 and 5). 
Continuous State Variable Model Component 
The second component of a SAINT model is the state variable description. 
The SAINT user defines these state variables by writing the algebraic, differ- 
ence, or differential equations that govern their time-dependent behavior. The 
use of state variables in SAINT is optional. 
The SAINT user writes the state variable equations in a FORTRAN sub- 
routine (subroutine STATE). State variables represented by algebraic or 
difference equations are defined in subroutine STATE as SS(*) variables. 
Those represented by differential equations are written in terms of DD(*) 
variables. SAINT employs a Runge-Kutta-England (RICE) numerical algorithm to 
integrate the equations of subroutine STATE written in terms of the DD(*) 
variables. The RKE algorithm obtains a solution to a set of simultaneous 
first order ordinary differential equations. Higher order differential equa- 
tions can be modeled by placing the equations in canonical form. Subroutine 
STATE can be used to model state variables using a combination of DD(') and 
SS(') variables. 
In SAINT, simulated time is advanced in accordance with the type of 
system being modeled. If no state variables are included, simulated time is 
advanced from one task completion to the next. When state variables are 
included in the model, time is also incremented in steps between scheduled 
task completions for the purpose of updating the values of the state variables. 
The step size is a function of user-specified accuracy requirements, 
Discrete and Continuous Component Interactions 
The interactions between tasks and state variables are initiated either 
by tasks being completed or by state variables crossing specified threshold 
values. Upon the completion of a task, state variables may be discretely 
regulated by increasing or decreasing their values. In addition, task com- 
pletions can change the values of logical variables which can be used to alter 
state variable equation forms or the network structure. In this manner the 
discrete task-oriented component of the model affects the continuous state 
variable component. 
Threshold crossings by state variables can signal or initiate tasks. Thus 
the values of state variables can influence task performance characteristics 
and precedence relations. Threshold crossings can also change the values of 
logical variables which, in turn, can be used to alter equation forms or 
change task precedence. 
As an example of discrete and continuous component interactions, consider 
a system in which a pilot must keep the aircraft altitude within specified 
constraints. The pilot's inputs might be modeled as discrete tasks and the 
aircraft dynamics as continuous state variables. When the altitude state vari- 
able crosses the allowable threshold value, the corresponding discrete pilot 
makes the appropriate input and regulates the state variable(s) which deter- 
mine altitude. Thus, through this component interaction, the aircraft altitude 
is brought back within acceptable limits. 
STATISTICAL OUTmTT 
Once the model has been built, the modeler can impose a data collection 
structure to obtain information about his description of the system as it is 
exercised. A variety of data can be obtained; these fall into four major 
c a t e g o r i e s .  The f i r s t  type  of o u t p u t  i s  a s t a t i s t i c a l  d e s c r i p t i o n  o f  t h e  
e x e c u t i o n  o f  s p e c i f i c  nodes o r  c o l l e c t i o n s  o f  nodes.  There  a r e  s i x t e e n p d s d b l e  
combinat ions  o f  i n t e r v a l  and t a s k  complet ion s t a t i s t i c s  t h a t  one can c o l l e c t  
u s i n g  t h e  b u i l t - i n  f e a t u r e s  of SAINT. S i n c e  u s e r s  can c r e a t e  t h e i r  own func-  
t i o n s  f o r  u p d a t i n g  a t t r i b u t e s  and f o r  moderat ing network paramete rs ,  i t  has  
been n e c e s s a r y  t o  a l l o w  t h e  u s e r  t o  c o l l e c t  h i s  own s t a t i s t i c s  on t h o s e  p a r t s  
of t h e  model which cannot  be p r e d e f i n e d  because  t h e  u s e r  c r e a t e s  them h i m s e l f .  
SAINT s u p p l i e s  s t a t i s t i c a l  s u b r o u t i n e s  f o r  c o l l e c t i n g  d a t a  on u s e r - s u p p l i e d  
p a r t s  of t h e  model. Tabu la r  summaries of t h e  computed d e s c r i p t i v e  s t a t i s t i c s  
c a n  t h e n  be g e n e r a t e d  t o  p o r t r a y  t h e  r e s u l t s  of a  s i n g l e  i t e r a t i o n ,  a s e t  of 
i t e r a t i o n s ,  o r  a  s e r i e s  of i t e r a t e d  r u n s  showing t h e  t r e n d s  induced by some 
s y s t e m a t i c  v a r i a t i o n  of r u n  c o n d i t i o n s .  
A second type  of o u t p u t  which SAINT p r o v i d e s  i s  r e s o u r c e  u t i l i z a t i o n  
s t a t i s t i c s .  In format ion  on t h e  b u s y / i d l e  s t a t u s  f o r  both  t h e  human r e s o u r c e s  
a s  w e l l  8s t h e  equipment r e s o u r c e s  i s  a u t o m a t i c a l l y  p r e s e n t e d  a t  t h e  complet ion 
o f  each  s i m u l a t i o n  run .  These s t a t i s t i c s  can be employed i n  e v a l u a t i n g  work- 
l o a d  and system c a p a c i t y  i s s u e s .  
The t h i r d  t y p e  of o u t p u t  i s  a  g r a p h i c  p o r t r a y a l  of t h e  p r o b a b i l i t y  and 
cumula t ive  d e n s i t y  f u n c t i o n s  f o r  a  d i s t r i b u t e d  v a r i a b l e .  These h i s tograms  
p r o v i d e  a  q u i c k  look a t  t h e  shape of t h e  d a t a .  An exper ienced  u s e r  can  s t o r e  
t h e  a c t u a l  v a l u e s  on a n  e x t e r n a l  d e v i c e ;  l a t e r ,  t h e  d a t a  can be f e d  t o  a p l o t -  
t i n g  package f o r  r e p r o d u c i b l e  drawings .  
Time t r a c e s  of t h e  s t a t e  v a r i a b l e s  a r e  a  f o u r t h  t y p e  of o u t p u t .  Up t o  10 
v a r i a b l e s  can be p l o t t e d  on t h e  same graph w i t h  u s e r  s p e c i f i e d  s c a l e  f a c t o r s  
and p l o t t i n g  symbols. M u l t i p l e  g raphs  can be g e n e r a t e d .  Tabled v a l u e s  of t h e  
v a r i a b l e s  can  a l s o  be o b t a i n e d .  The t a b u l a t e d  p l o t  provided by SAINT e q u i p s  
t h e  u s e r  t o  q u i c k i y  examine t h e  r e s u l t s  of h i s  s i m u l a t i o n  r u n .  
THE SAINT PROGRAM 
Development of t h e  SAINT s i m u l a t i o n  package has  been completed and i s  
f u l l y  documented ( r e f s .  4 ,  5 ,  6 ,  and 7 ) .  SAINT was developed i n  ANSI s t a n d a r d  
FORTRAN and,  consequen t ly ,  i s  machine-independent. The u s e r ,  however, must 
supp ly  h i s  own s y s t e m - s p e c i f i c  random number g e n e r a t o r .  The t a s k  network d a t a  
i s  punched on c a r d s  i n  f ree - fo rm.  SAINT i n c l u d e s  a n  e x t e n s i v e  i n p u t  e r r o r -  
check ing  f e a t u r e  t o  a s s i s t  u s e r s  i n  debugging t h e i r  models. For  p r o d u c t i o n  
r u n s ,  u s e r s  can  s e l e c t  a  more e f f i c i e n t  non-e r ro r -check ing  v e r s i o n  of SAINT. A 
s e p a r a t e  FORTRAN program has  been d e v i s e d  t o  c r e a t e  a  s o u r c e  module w i t h  t h e  
CaMMON b locks  s i z e d  t o  t h e  problem being r u n .  SAINT a l s o  i n c l u d e s  p r o v i s i o n s  
t h a t  a l l o w  f o r m a t t i n g  model o u t p u t s  s o  t h e y  can  be p rocessed  by a v a i l a b l e  
s t a t i s t i c a l  a n a l y s i s  packages ( r e f .  7 ) .  
APPLICATIONS OF SAINT 
SAINT has  been used t o  a n a l y z e  a  wide v a r i e t y  of man-machine sys tems.  It 
is gaining a wide and enthusiastic acceptance by systems modelers and analysts 
of many disciplines. The following is a list of completed or ongoing modeling 
and simulation efforts involving the use of SAINT: SAINT has been used by the 
Aerospace Medical Research Laboratory (AMRL) to evaluate alternatives for a 
Remotely Piloted ~ehicle/Drone Control Facility (RPV/DCF) in which operators 
monitor and control the flight of RPV's through the use of visual (CRT) dis- 
plays (ref. 8). SAINT was used, also, to provide flight control performance 
predictions for the Digital Avionics Information System (DAIS) cockpit con- 
figuration in which dedicated instruments, displays, and subsystem status 
displays have been replaced with interactive multipurpose displays and multi- 
function keyboard switching. A first model of this system employed discrete 
task networks to represent the pilot's activities and continuous state equa- 
tions to represent the vehicle dynamics (ref. 9). More recently, a model of 
DAIS has been developed in which the pilot's discrete information storage and 
retrieval activities were modeled by tasks; however, the pilot's flight control 
was represented by a variation of the Optimal Control Model developed by Bolt, 
Beranek and Newrnan. In this combined discrete/continuous model of the human 
operator the pilot operates in a so-called "open loop" preprogrammed fashion 
between flight control variable sampling (ref. 10). SAINT is currently being 
used by AMRL to provide cost trade-off design analyses of proposed alternative 
configurations for the UPD-X All Weather Wide Area Surveillance ground exploi- 
tation station. AMRL plans to utilize SAINT to analyze design proposals in a 
B-52 strategic navigation system involving complex crew activities and task 
management (ref. 11). SAINT has been used by the Air Force Human Resources 
Laboratory to explore the feasibility of employing computer simulation for 
evaluating human effects on nuclear systems safety in a missile loading opera- 
tion (ref. 12). SAINT was employed by Air Force Weapons Laboratory to examine 
workload sharing and nuclear radiation effects on pilot performance in an air- 
to-air refueling mission (ref. 13). Purdue University researchers utilized 
SAINT to investigate the effect of higher degrees of automation, different 
capacities of process limiting operations, and alternative task allocations 
on the operator's idle times in a hot strip mill (ref. 14). SAINT has been 
used by the U. S. Department of Commerce Office of Teleco~munications to 
analyze communication frequency utilization in a railroad switching yard. 
SAINT has been used by New Mexico State to compare theoretical human per- 
formance predictions with empirically derived performance data (ref. 15). 
SAINT is being employed by Pritsker and Associates in support of the Army 
Research Institute to analyze human system performance in an AN/TsQ-73 guided 
missile air defense system operation (ref. 16). SAINT is also being utilized 
by several universities both in the classroom and for research activities. 
Among these are Purdue, Iowa State, North Carolina State, Ohio State, and 
Arizona State. 
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SUMMARY 
A method i s  presented  f o r  implementing t h e  s t a t e  es t imator  of  t h e  manual 
c o n t r o l  model when t h e  system output  i s  a v i s u a l  d i sp l ay  of a r b i t r a r y  form; 
t h a t  i s ,  t h e  d i s p l a y  may be p i c t o r i a l ,  inc luding  r e a l  world, o r  made up of 
d i a l s  and p o i n t e r s .  The method i s  used t o  provide e r r o r  c r i t e r i a  f o r  a  look- 
po in t  c o n t r o l l e r  t h a t  appears  t o  be capable of modeling human scanning 
behavior .  This model, i f  combined wi th  a  model of t h e  c o n t r o l  process ,  should 
be u s e f u l  i n  p r e d i c t i n g  e f f e c t s  of changes i n  d i sp l ays  on performance of f l i g h t  
t a s k s .  
INTRODUCTION 
One of t h e  most important elements of a  model of manual c o n t r o l  i s  some 
form of  s t a t e  e s t ima to r .  This element r ece ives  system outputs  and conver t s  
them i n t o  an e s t ima te  of t h e  system s t a t e  i n  a form s u i t a b l e  f o r  input  t o  a 
c o n t r o l  a lgori thm. 
The s t a t e  e s t ima to r  i s  u sua l ly  modelled a s  a  Kalman e s t ima to r ,  which 
minimizes t h e  va r i ance  of t h e  es t imated  s t a t e ,  and which i s  capable of 
accept ing  sampled da t a .  The output  of t h e  es t imator  i nc ludes  an e s t ima te  of  
t h e  covariance of t h e  s t a t e  e s t ima te .  This covariance depends on t h e  probable 
e r r o r s  i n  t h e  d a t a ,  and not  on t h e  d a t a .  I n  many cases ,  such an e s t ima te  of  
covariance i s  s u f f i c i e n t  f o r  an a n a l y s i s  of system performance by t h e  use  of 
covariance propagat ion techniques .  Furthermore, when covariance can be 
es t imated  p r i o r  t o  a c t u a l  da t a  i n p u t ,  an optimum sequence of samples can be 
predetermined. 
Due t o  t h e  na tu re  of t h e  v i s u a l  sense ,  human observers  a r e  u s u a l l y  forced  
t o  scan a  scene i n  a  s e r i e s  of lookpoin ts  i n  o rde r  t o  e x t r a c t  i t s  information 
content .  I f  t h e  scene i s  changing, each lookpoint  c o n s t i t u t e s  a  sample of 
ou tput  d a t a  of a  dynamic system. A l l  t h a t  i s  r equ i r ed  f o r  applying t h e  Kalman 
e s t ima to r  as a model of human v i s u a l  observa t ion  i s  a  means of e s t ima t ing  
probable e r r o r s  of  observa t ion  a t  any lookpoin t .  
This paper p r e s e n t s  a  means of  e s t ima t ing  t h e  e r r o r s  t o  be expected when 
a  human observer  e s t ima te s  t h e  s t a t e  of a  system by looking a t  a d i s p l a y  of 
some s e t  of system ou tpu t s .  The d i s p l a y  may be p i c t o r i a l ,  inc luding  " r e a l  
world," o r  made up of d i s c r e t e  dia . ls ,  p o i n t e r s ,  e t c .  
F i r s t ,  t h e  method of es t imat ing  t h e  covariance of  t h e  s t a t e  es t imate  a t  a 
given lookpoint w i l l  be described.  Then t h e  means, and some r e s u l t s ,  of 
devis ing  a lookpoint c o n t r o l l e r  t o  s imulate human scanning behavior w i l l  be 
discussed.  This l a t t e r  work i s  presented i n  f u l l  d e t a i l  i n  reference  1. 
SYMBOLS 
x s t a t e  vec tor  
est imated s t a t e  vec tor  
Y output  vec tor  
[ c ]  matr ix  of c o e f f i c i e n t s  r e l a t i n g  s t a t e  and output  vec to r s  
V s tandard e r r o r  of observat ion of output 
[ c lT  t ranspose  of c 
[COV(Y) 1 covariance matr ix of output vector  
[COV(X> 1 covariance matr ix  of est imated s t a t e  vec tor  
0 p i t c h  angle 
@ r o l l  angle 
$ yaw angle 
Abbreviation: 
V S I  V e r t i c a l  Speed Ind ica to r  
GSI Glide Slope Ind ica to r  
A dot over a v a r i a b l e  denotes a de r iva t ive  with respect  t o  time. 
METHOD OF ANALYSIS 
Figure 1 i s  a manual c o n t r o l  block diagram t h a t  i s  borrowed from 
reference  2.  The s t a t e  es t imator  i n  f i g u r e  1 w i l l  be considered t o  have i n  it 
some means of so lv ing  t h e  r e l a t i o n s h i p :  
where 
62 
x ( t )  i s  system s t a t e  vec tor  
C i s  a matr ix  of constant  s e n s i t i v i t i e s  
y ( t )  i s  v i s i b l e  system output  vec tor  
~ ( t )  i s  random e r r o r  vec to r  
The sources of e r r o r  ~ ( t  ) a r e  i n  t h e  d i sp lay  and measurements vm( t  ) 
and i n  t h e  v i s u a l  sensing of t h e  p i l o t  V d ( t ) .  
The v i s u a l  e r r o r s  Vd a r e  t h e  ones t h a t  vary wi th  lookpoint .  Thus, f i g u r e  1 
may be considered t o  represent  t h e  p i l o t  model a t  a  f ixed  lookpoint .  A t  a  
d i f f e r e n t  lookpoint ,  Vd , and t h e r e f o r e  y  and 4, may be d i f f e r e n t .  
The perceived system output  y ( t ) ,  which i s  t h e  input  t o  t h e  
s t a t e  es t imat ion  process ,  might be spec i f i ed  i n  seve ra l  ways. For example, 
i n  a  d i sp lay  composed of d i s c r e t e  instruments ,  one of t h e  elements of y ( t )  
might be taken t o  be t h e  a l t i t u d e ,  s ince  t h a t  quan t i ty  i s  displayed by t h e  
a l t i m e t e r .  A more genera l  approach t h a t  allows treatment  of p i c t o r i a l  a s  we l l  
a s  d i s c r e t e  d isp lays  is  t o  t ake  a s  elements of y( t )  t h e  displacement,  r a t e  
of change of displacement,  and r a t e  of change of displacement of po in t s  i n  t h e  
d i sp lay  ( e .  g.  , po in t s  on t h e  a l t ime te r  needle) .  Consider t h e  d i sp lay  t o  be 
broken i n t o  segments. The por t ion  of t h e  d i sp lay  i n  each segment i s  r i g i d  so 
t h a t  one po in t  i n  a  segment may be taken t o  represent  t h e  whole segment. 
I iotat ing d i sp lay  elements should be regresented  by more than  one segment, so 
t h a t  r o t a t i o n  of any one segment can be neglected.  This poin t  may be seen t o  
move v e r t i c a l l y  o r  ho r i zon ta l ly  o r  both i n  response t o  one o r  more of t h e  s t a t e  
v a r i a b l e s  x ( t ) .  Taking each component a s  a  sepa ra te  i n d i c a t o r  of system out- 
pu t ,  each poin t  i n  t h e  d i sp lay  may provide four elements of y ( t ) :  v e r t i c a l  
and hor i zon ta l  displacement and v e r t i c a l  and hor i zon ta l  r a t e  of change of 
displacement from a  nominal pos i t ion .  
The next s t e p  i s  t o  pe r tu rb  each s t a t e  v a r i a b l e  i n  t u r n  and t o  c a l c u l a t e  
t h e  r e s u l t i n g  e f f e c t s  on each d i sp lay  segment. These e f f e c t s  w i l l  be expressed 
a s  l i n e a r  inf luence  c o e f f i c i e n t s  which a r e ,  e i t h e r  exac t ly  o r  approximately, 
p a r t i a l  d e r i v a t i v e s  of v e r t i c a l  and hor i zon ta l  angular  displacement and r a t e  
of displacement,  a s  measured a t  t h e  observer ' s  eye, with r e spec t  t o  t h e  system 
s t a t e  v a r i a b l e s .  These inf luence  c o e f f i c i e n t s  a r e ,  of course,  t h e  elements of 
t h e  matr ix  C i n  equation 1. 
The random e r r o r  ~ ( t )  remains t o  be spec i f i ed .  That p a r t  of it t h a t  i s  
due t o  t h e  v i s u a l  sense vd ( t  ) depends on t h e  observer ' s  a c u i t y  a t  each d i s -  
p lay  p o i n t ,  which i n  t u r n  depends on t h e  l o c a t i o n  of t h e  d i sp lay  poin t  wi th  
respect  t o  t h e  observer ' s  lookpoint .  From a  knowledge of t h e  obse rve r ' s  
resolv ing  power a t  any poin t  i n  h i s  v i s u a l  f i e l d  and of where he i s  looking,. 
one can es t imate  t h e  element of ~ ( t )  f o r  each d i sp lay  segment. Typical 
r e s o l u t i o n  curves a r e  shown i n  f i g u r e s  2 and 3. For any given lookpoint ,  t h e  
e c c e n t r i c i t y  angle ( v i s u a l  angle between lookpoint and d i sp lay  p o i n t )  of each 
d i sp lay  po in t  i s  ca lcu la t ed ,  and t h e  corresponding re so lu t ions  from f i g u r e s  2 
and 3 a r e  taken a s  s tandard dev ia t ions  f o r  c a l c u l a t i n g  V d ( t ) .  
Now t h e  minimum var iance  e s t ima te  of x ( t )  may be formulated from 
equat ion  1. This e s t ima te  i s :  
The ma t r ix  cov(y)  i s  t h e  covariance of y ( t )  which, f o r  t h e  case  of 
uncor re l a t ed  measurement e r r o r s ,  i s  a  diagonal  mat r ix  formed by squar ing  t h e  
elements o f  ~(t). I f  measurement e r r o r s  a r e  known t o  be c o r r e l a t e d ,  t h e r e  
w i l l  of course be  off-diagonal  terms i n  c o v ( y ) ,  b u t  equat ion 2 i s  s t i l l  v a l i d .  
What i s  r equ i r ed  i n  t h i s  paper ,  as w e l l  as q ( t ) ,  i s  an es t imate  of i t s  
covariance.  It may be  shown ( r e f .  3) t h a t  t h e  covariance of x ( t  ) i s  : 
It i s  seen t h a t ,  s i n c e  f o r  each d i f f e r e n t  lookpoint  t h e r e  i s  a  d i f f e r e n t  
ma t r ix  [ ~ o v ( y ) ] ,  t h e  covariance of t h e  es t imated  s t a t e  v a r i e s  wi th  lookpoin t .  
Example 
In  o rde r  t o  demonstrate how t o  c a l c u l a t e  cov (x )  f o r  a  given lookpoin t ,  a 
simple example has been concocted. Two hypo the t i ca l  d i sp l ays  w i l l  be  compared 
f o r  each of  two lookpoin ts .  
F igure  4 shows two d i sp l ays ,  each of  which i s  capable of showing t h r e e  
v a r i a b l e s .  When a l l  t h r e e  v a r i a b l e s  a r e  a t  zero ,  both d i sp l ays  look t h e  same. 
In Display A a11 t h r e e  l i n e  segments move toge the r  as i n  f i g u r e  4 ( b ) .  I n  
Display B, each segment responds t o  a  d i f f e r e n t  v a r i a b l e ,  a s  i n  f i g u r e  4 ( c ) .  
Suppose t h a t  t h e  v a r i a b l e s  presented  a r e  p i t c h ,  r o l l  and yaw angles ,  and l e t  
t h e  d i sp l ay  be viewed from such a  d i s t ance  t h a t  movement of 1 degree v i s u a l  
angle  r e p r e s e n t s  1 degree p i t c h  o r  yaw (according t o  d i r e c t i o n ) ,  and 1 degree 
r o t a t i o n  of t h e  d i sp l ay  i n  i t s  p lane  r e p r e s e n t s  1 degree of r o l l .  
The d i sp l ays  a r e  of such s i z e  t h a t  each l i n e  segment subtend 11 degrees 
of  v i s u a l  angle .  
The d i sp l ay  a r e a  must be d iv ided  i n t o  d i s c r e t e  a r e a s ,  a  po in t  i n  each a r e a  
be ing  taken  as t h e  i n d i c a t o r  of system output  f o r  t h a t  a r e a  a s  shown i n  f i g u r e  
5 .  S e n s i t i v i t i e s  of t h e s e  p o i n t s  t o  changes i n  s t a t e  v a r i a b l e s  a r e  c a l c u l a t e d  
i n  terms o f  change of v i s u a l  angle  o r  angular  r a t e  pe r  u n i t  change i n  each 
s t a t e  v a r i a b l e .  These ca l cu la t ed  s e n s i t i v i t i e s  a r e  given i n  t a b l e  I. The 
s e n s i t i v i t y  ma t r ix  [C]  would have i n  t h e  genera l  case  f o u r  rows f o r  each 
segment. For t h e  i l l u s t r a t i v e  cases  i n  t h i s  paper ,  c e r t a i n  movements were 
considered n e g l i g i b l e  o r  no t  v i s i b l e .  The s e n s i t i v i t i e s  of t h e s e  movements, 
being zero ,  were omit ted from t h e  t a b l e  t o  save space. For example, h o r i z o n t a l  
movement, due t o  r o t a t i o n ,  of a  po in t  on a h o r i z o n t a l  l i n e  was neglec ted .  
Also, motion along a l i n e  was considered not  v i s i b l e .  I f  t h e  l i n e s  were r e a l l y  
made up of  do t s ,  t h i s  motion could be seen,  and t h e  s e n s i t i v i t y  ma t r ix  would 
have corresponding terms. Segment 6 i s ,  i n  f a c t ,  t h e  only  one i n  which both 
v e r t i c a l  and h o r i z o n t a l  components of motion were considered t o  b e  v i s i b l e ,  
and so i t  appears f o u r  t imes i n  t a b l e  I f o r  each d i sp l ay .  
The accuracy of observa t ion  depends on t h e  obse rve r ' s  a c u i t y  and h i s  
lookpoint .  I n  o rde r  t o  s i m p l i m  es t ima t ion  of parafovea l  a c u i t y ,  it i s  assumed 
t h a t  contours  of cons tan t  a c u i t y  a r e  c i r c l e s  centered  on t h e  lookpoint .  This 
assumption i s  not  e s s e n t i a l  t o  t h e  method, bu t  t h e  spread of a v a i l a b l e  a c u i t y  
d a t a  i s  g r e a t  enough t h a t  a  more d e t a i l e d  mapping seems unwarranted. 
Two lookpoints  were chosen f o r  i l l u s t r a t i n g  t h e  method: one a t  t h e  
i n t e r s e c t i o n  of  t h e  l i n e s ,  and one 6 degrees t o  t h e  r i g h t  of t h e  i n t e r s e c t i o n ,  
on t h e  h o r i z o n t a l  l i n e .  For each lookpoin t ,  e c c e n t r i c i t i e s  were ca l cu la t ed  
f o r  t h e  p o i n t s  i n  t h e  d i sp l ay  f o r  which s e n s i t i v i t i e s  were ca l cu la t ed .  For 
t h e s e  e c c e n t r i c i t i e s ,  r e s o l u t i o n s  were read  from t h e  curves.  The r e s o l u t i o n s  
were used as t h e  elements of  [ c o v ( y ) ] .  
The covariance mat r ices  of t h e  es t imated  s t a t e  cov(x)  were computed from 
equat ion  3 and presented  i n  t a b l e s  I1 and 111. Table I1 i s  f o r  Display A.  
Note t h e  way c o r r e l a t i o n  between p i t c h ,  r o l l ,  and yaw, a s  shown by t h e  of f -  
diagonal  terms,  changes with lookpoint .  There i s  no c o r r e l a t i o n  between 
displacement and r a t e  f o r  e i t h e r  lookpoin t .  
The covariances f o r  Display B a r e  diagonal  ma t r i ce s  f o r  bo th  lookpoints .  
A s  might b e  expected,  t h e  var iance  of e s t ima te  of any given s t a t e  v a r i a b l e  
depends on lookpoint .  This dependence on lookpoint  i s  much l e s s  f o r  t hose  
v a r i a b l e s  t h a t  a r e  perce ived  through sensa t ion  of r a t e ,  a s  r a t e  r e s o l u t i o n  
v a r i e s  much l e s s  ac ros s  t h e  f i e l d  o f  v i s i o n  than  does p o s i t i o n  r e so lu t ion .  
Scanning Behavior 
If t h e  d i sp l ay  elements d i d  not  move while  t h e  observer  looked around, t h e  
covariance of x ( t )  could be reduced by combining d i r e c t l y  t h e  information from 
s e v e r a l  lookpoin ts .  This reduct ion  would be  easy t o  es t imate .  However, s i n c e  
?(t) r ep re sen t s  t h e  s t a t e  of a dynamic system, t h e  observer ,  i n  t r y i n g  t o  
improve h i s  es t imate  o f  any s t a t e  v a r i a b l e  by a t t end ing  t o  another  p o i n t  i n  t h e  
d i sp l ay ,  f i n d s  t h a t  t h e  u n c e r t a i n t y  of t h e  information he obta ined  from t h e  
f i r s t  p o i n t  i nc reases  while he looks a t  t h e  second. The optimum neans of 
combining s e q u e n t i a l  observa t ions  of a  dynamic system i s  t h e  Kalman e s t ima to r .  
This e s t ima t ion  a lgor i thm a l s o  provides a method f o r  dec id ing  which one o f  a 
number of p o s s i b l e  observa t ions  it would b e  b e s t  t o  make, provided t h a t  t h e  
probable e r r o r  of  each poss ib l e  observa t ion  i s  known beforehand. Combining 
t h e  Kalman e s t ima to r  wi%h t h e  method of t h i s  paper ,  f o r  e s t ima t ing  t h e  covari-  
ance ma t r ix  o f  t h e  ou tpu t ,  cov (y ) ,  one may devise a lookpoint  c o n t r o l l e r ,  as 
has been done i n  r e f e rence  1, from which t h e  fol lowing m a t e r i a l  i s  taken.  
Figure  6 shows t h e  information flow f o r  t h i s  c o n t r o l l e r ,  which has  been 
app l i ed  t o  t h e  instrument  a r r a y  shown i n  f i g u r e  7. F igure  8 shows what happens 
t o  t h e  var iances  when t h e  lookpoint  i s  a r b i t r a r i l y  fo rced  t o  fo l low t h e  time 
h i s t o r y  i n  t h e  f i g u r e .  For t h e s e  r e s u l t s ,  t h e  system s t a t e  t r a n s i t i o n  m a t r i x  
t h a t  governs t h e  growth o f  covariance i s  taken  t o  be t h a t  of a second o rde r  
dynamic system without  damping o r  cross-coupling. 
In  o r d e r  f o r  t h e  lookpoint  c o n t r o l l e r  t o  choose i t s  own lookpoin t ,  it 
must have some s t r a t e m .  Figure 9 i l l u s t r a t e s  what happens when t h e  lookpoint  
i s  chosen s o  a s  t o  provide information about t h e  s t a t e  v a r i a b l e  wi th  t h e  
g r e a t e s t  weighted va r i ance .  (1t i s  necessary  t o  weight t h e  va r i ances  because 
of  d imens ional i ty  o f  each s t a t e  v a r i a b l e  and i t s  importance i n  c o n t r o l  of t h e  
system. ) Figure 9 r e p r e s e n t s  a  case of  an au top i lo t - con t ro l l ed  ("coupled") 
landing  approach where t h e  command b a r s  i n  t h e  f l i g h t  d i r e c t o r  a r e  i n a c t i v e .  
F igure  1 0  i s  t h e  computed t ime h i s t o r y  of lookpoin ts  over  6.5 seconds, when 
t h e  GSI and a r t i f i c i a l  horizon a r e  combined i n t o  a s i n g l e  lookpoint  i d e n t i f i e d  
a s  F l i g h t  Di rec tor .  
A manually c o n t r o l l e d  landing  approach w a s  s imulated simply by adding 
command b a r s  a s  v a r i a b l e s  t h a t  need a t t e n t i o n .  The same lookpoint  s e l e c t i o n  
s t r a t e g y  w a s  used,  w i th  r e s u l t s  a s  shown i n  f i g u r e  11 when command b a r s  a r e  
inc luded  a long  wi th  GSI and a r t i f i c i a l  horizon i n  t h e  F l i g h t  D i rec to r .  
In  s p i t e  of t h e  many s impl i fy ing  assumptions, t h e  t ime h i s t o r i e s  i n  
f i g u r e s  10  and 11 a r e  q u i t e  "~umanoid." The f l i g h t  d i r e c t o r  g e t s  most of t h e  
a t t e n t i o n ,  and it g e t s  more a t t e n t i o n  i n  manual c o n t r o l  than  i n  monitor ing t h e  
a u t o p i l o t  (68 percent  of  t o t a l  t ime compared t o  57 percent  i n  mon i to r ing ) ,  
During monitor ing,  t r a n s i t i o n s  between p e r i p h e r a l  instruments  a r e  more l i k e l y  
t o  happen than  dur ing  manual c o n t r o l ,  where n e a r l y  a l l  t r a n s i t i o n s  a r e  between 
f l i g h t  d i r e c t o r  and p e r i p h e r a l  instruments .  However, because of  t h e  assump- 
t i o n s  and e s p e c i a l l y  because a  number of instruments  were omit ted ( ~ o r i z o n t a l  
S i t u a t i o n  I n d i c a t o r ,  f o r  example), t h e r e  i s  no d i r e c t  comparison wi th  a v a i l a b l e  
eye movement da t a .  
CONCLUDING REMARKS 
A method has been presented  f o r  implementing t h e  s t a t e  e s t ima to r  of  t h e  
manual c o n t r o l  model when t h e  system output  i s  a  v i s u a l  d i sp l ay  of  a r b i t r a r y  
form; t h a t  i s ,  t h e  d i s p l a y  may be p i c t o r i a l ,  inc luding  r e a l  world,  o r  made up 
of  d i a l s  and po in t e r s .  The method has been used t o  provide e r r o r  c r i t e r i a  f o r  
a  lookpoin t  c o n t r o l l e r  t h a t  appears  t o  be capable of  modeling human scanning 
behavior .  This  model, i f  combined wi th  a  model of t h e  c o n t r o l  p roces s ,  should 
be u s e f u l  i n  p r e d i c t i n g  e f f e c t s  of  changes i n  d i sp l ays  on performance of 
f l i g h t  t a s k s .  
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TABLE I. - SEIJSITIVITY COEFFICIEIJTS 
( a )  Display A 
S e m e n t  
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 
1 0  
11 
12  
13 
1 4  
15  
16  
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 
1 0  
11 
12  
1 3  
1 4  
1 5  
- 16  
S t a t e  Var iab le  : 
8 @ '/' 8 @ 'I' 
1 -. 1738 o o o o 
1 -. 1391 0 0 0 0 
1 -. 1045 0 0 0 0 
1 -. 070 0 0 0 0 
1 -SO35 O O 0 O 
1 o o o o o 
o o 1 o o o 
0 .035 0 0 0 0 
0 .070 0 0 0 0 
0 . l o 4 5  0 0 0 0 
0 . I 391  0 0 0 0 
o .1738 o o o o 
0 .035 1 0 0 0 
0 .070 1 0 0 0 
0 . l o 4 5  1 0 0 0 
0 . I 391  1 0 0 0 
o .1738 1 o o o 
o o o 1 -. 1738 o 
0 0 0 1 -. 1391 0 
0 0 0 1 -. 1045 0 
0 0 0 1 -. 070 0 
O 0 0 1 -. 035 0 
o o o 1 o o 
o o o o o 1 
0 0 0 0 .035 0 
0 0 0 0 .070 0 
0 0 0 0 . lo45 0 
0 0 0 0 . I 391  0 
o o o o .1738 o 
0 0 0 0 .035 1 
0 0 0 0 . O ~ O  1 
0 0 0 0 . l o 4 5  1 
0 0 0 0 . I 391  1 
o o o o .1738 1 
TABLE I.- Concluded 
(b) Display B 
Segment 
- 
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1 
2 
3 
4 
5 
6 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 I 
State Variable : 
0 @ + i, 6 li, 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 0 0 0 0 0 
1 o o o o 0 
o o 1 o o 0 
0 .035 0 0 0 0 
0 -070 0 0 0 0 
0 .lo45 0 0 0 0 
0 .I391 0 0 0 0 
o .1738 o o o o 
0 0 1 0 0 0 
0 0 1 0 0 0 
0 0 1 0 0 0 
0 0 1 0 0 0 
o o 1 o o 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
0 0 0 1 0 0 
o o o 1 o o 
o o o o o 1 
0 0 0 0 .035 0 
0 0 0 0 .070 0 
0 0 0 0 .lo45 0 
0 0 0 0 .I391 0 
o o o o .1738 o 
0 0 0 0 0 1 
0 0 0 0 0 1 
0 0 0 0 0 1 
0 0 0 0 0 1 
o o o o o 1 
TABLE 11.- DISPLAY A COVARIANCES 
b n i t s  are ( a r c  minI2 and ( a r c  min/sec)2] 
- 
Lookpoint at  I n t e r s e c t i o n  
0 0 0 $ '4 iJ 
.404 o o o 0 
o 4 88 o 0 o 
O O 130 O -1.66 
o o o 39080 o -3970 
O O -1.66 O .496 O 
0 O 0 -3970 O 1489 
Lookpoint at 6' t o  Right of I n t e r s e c t i o n  
1.146 0 -11.41 0 .824 
o 508 o -403 o 
-11.41 o 178 o -12.8 
o -403 O 37146 o 
: 
-3143 
.824 0 -12.8 0 5.48 0 
0 34.1 0 -3143 O 1218 
TABLE 111,- DISPLAY B COVARfANCES 
[units are ( a r c  rninl2 and ( a r c  rn in / sec )q  
Lookpoint at I n t e r s e c t  i on  
0 e 0 4 lJ 4' + 475 0 0 0 0 0 o 886 o o o 0 0 374 0 0 0 0 0 85561 0 0 0 0 0 0 47'5 0 o o o o o 886 
Lookpoint at 6' t o  Right of In te r sec t ion  
5.98 0 0 0 0 
0 
L o 1006 o o o o o 38.8 o o 0 0 0 75960 0 0 o o o o 4.56 o 0 0 0 0 0 952 
- - - - -  . - .. . - - - - - . -. - - . 
EXTERNAL MEASUREMENT NOISE 
DISTURBANCE (e. g. , MLS, I LM) 
I AIRCRAFT MODEL I L - - -  A 
I I 
I - 
A 
I 
I 
* 
I 
I CONTROLLER -; ESTIMATOR 
I y 
I 
I 
I . I 
I I 
I MOTOR NOISE DIS PLAYIPERCEPTION I 
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I 
L _ _ _ _ - - - - _ - -  - ---- - 
DISPLAY 
Figure  1.- Manual c o n t r o l  system block diagram. 
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Figure 2.- Displacement resolution versus foveal eccentricity. 
Figure 3.- Rate resolution versus foveal eccentricity. 
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(a) Display formats  A and B a t  rest. 
(b) Display A d e f l e c t e d  i n  p i t c h ,  r o l l ,  and yaw. 
(c)  Display B d e f l e c t e d  i n  p i t c h ,  r o l l ,  and yaw. 
F igure  4.- F i c t i t i o u s  d i s p l a y s  used i n  i l l u s t r a t i v e  example. 
Figure 5.- Display segments. 
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Figure 6.- Information flow for dynamic system. 
Figure 7.- Display setup. 
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Figure 8.- Fixed lookpoints.  
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Figure 9.- Lookpoint controller minimizing maximum weighted variance 
in automatic landing approach. 
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Figure 10.- Time h i s t o r y  of lookpoin ts  p r ed i c t ed  by model f o r  "coupled" l and ing  approach. 
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Figure  11.- Time h i s t o r y  of lookpoin ts  p red ic t ed  by model f o r  manual landing  approach. 
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